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ABSTRACT
In this dissertation, I explore the geometric structure of spiral galaxies and how the visible
structure can provide information about the central mass of a galaxy, the density of its galactic
disk, and the hidden mass of the supermassive black hole in its nucleus. In order to quantitatively
measure the logarithmic spiral pitch angle (a measurement of tightness of the winding) of galactic
spiral arms, I led an effort in our research group (the Arkansas Galaxy Evolution Survey) to modify
existing two-dimensional fast Fourier transform software to increase its efficacy and accuracy.
Using this software, I was able to lead an effort to calculate a black hole mass function (BHMF) for
spiral galaxies in our local Universe. This work effectively provides us with a census of local black
holes and establishes an endpoint on the evolutionary history of the BHMF for spiral galaxies.
Furthermore, my work has indicated a novel fundamental relationship between the pitch angle of
a galaxy’s spiral arms, the maximum density of neutral atomic hydrogen in its disk, and the stellar
mass of its bulge. This result provides strong support for the density wave theory of spiral structure
in disk galaxies and poses a critical question of the validity of rival theories for the genesis of spiral
structure in disk galaxies.
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major axis with the y-axis. Fig. 2.2c (right) - B-band (inverted color) image of
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thetic logarithmic spiral (inverted color) with φ = −20◦. Fig. 2.5b - Synthetic
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0.02; R2 = 0.99999 for m = 5, and (magenta) y = −7×10−6x3+0.001x2−0.0041x+
0.0191; R2 = 0.99999 for m = 6. . . . . . . . . . . . . . . . . . . . . . . . . . 31
Figure 2.8: C 4538 B-band pitch angle as a function of inner radius for deprojected (PA =
50◦ & α = 39.65◦) images before (left) and after (right) Gaussian star subtrac-
tion was performed. r/(D25/2) is plotted on the secondary x-axis with D25
(major axis at the 25.0 B-mag/sq arcsec isophote) from the Third Reference
Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al., 1991). Fig. 2.8a
(left) - a stable mean pitch angle of −17.52◦ is determined for the m = 3 har-
monic mode from a minimum inner radius of 36 pixels (9.32′′) to a maximum
inner radius of 208 pixels (53.9′′), with an outer radius of 258 pixels (66.8′′).
This stable region of 172 pixels (44.5′′) occupies 67% of the galactic disc.
Equation (2.7) yields Eφ = 3.17◦ with λ = 172 pixels (44.5′′), β = 196 pixels
(50.8′′), σ = 2.75◦, and 3 = 0.47◦. The final determination of pitch angle is
therefore −17.52◦± 3.17◦. Fig. 2.8b (right) - a stable mean pitch angle of
−17.98◦ is determined for the m = 4 harmonic mode from a minimum inner
radius of 9 pixels (2.33′′) to a maximum inner radius of 235 pixels (60.9′′),
with an outer radius of 264 pixels (68.4′′). This stable region of 226 pixels
(58.5′′) occupies 86% of the galactic disc. Equation (2.7) yields Eφ = 2.61◦
with λ = 226 pixels (58.5′′), β = 229 pixels (59.3′′), σ = 2.56◦, and 4 = 0.35◦.
The final determination of pitch angle is therefore −17.98◦±2.61◦. This result
is barely different from the result without star subtraction; the main difference
is the redetermination of the dominant harmonic mode. The percent difference
in mean pitch angle is 2.59% with a 17.67% reduction in error from the original. 32
Figure 2.9: Inclination angle tests on pitch angle output for a synthetic two-armed log-
arithmic spiral (left) and a real two-armed galaxy (right). Fig. 2.9a (left) -
Pitch angle results for different errors in inclination angle for the synthetic
two-armed spiral in Fig. 2.5b. Even at a high degree of simulated inclination
angle error, the mean pitch angles remain approximately the same despite a
gradually shrinking stable region across inner radii. Fig. 2.9b (right) - Real
two-armed galaxy inclination test using NGC 5247 (see Fig. 2.10b). Three an-
gles of inclination are tested: Original - the galaxy before deprojection, SEx-
tractor - incorporates the deprojection according to SExtractor (PA = 30.4◦;
α = 36.97◦), and IRAF - incorporates the deprojection according to IRAF
(PA = 38.71◦; α = 25.18◦). Pitch angle results over their respective stable re-
gions are within each other’s error bars. I-band pitch angle results are - Origi-
nal: −37.6◦±5.69◦, SExtractor: −35.62◦±10.96◦, and IRAF: −36.16◦±9.25◦. 34
Figure 2.10: Fig. 2.10a (left) - Deprojected (PA = 160◦ & α = 53.84◦) B-band (inverted
color) image of NGC 5054. Fig. 2.10b (right) - Deprojected (PA = 20◦ &
α = 28.36◦) B-band (inverted color) image of NGC 5247. . . . . . . . . . . . . 35
Figure 2.11: Center error tests on pitch angle for a synthetic two-armed logarithmic spiral
(left) and a real two-armed galaxy (right). Errors of 10, 20, 30, 40, and 50 pix-
els from the previously determined center are used for both. Fig. 2.11a (left) -
Pitch angle results for different errors in center determination for the synthetic
two-armed spiral in Fig. 2.5b. As the error increases, the stable region gradu-
ally decreases, yet the approximate mean pitch angle remains about the same.
Fig. 2.11b (right) - Real two-armed galaxy center test using a B-band image of
NGC 5247 (see Fig. 2.10b) after deprojection (PA = 38.71◦ & α = 25.18◦) was
performed. The same case is true for the real galaxy image; the mean pitch
angle remains constant despite a decreasing stable region with increasing error. 36
Figure 2.12: Fig. 2.12a (left) - Star-subtracted and deprojected B-band (inverted color) im-
age of NGC 1365: PA = 32◦ and α = 56.63◦. Fig. 2.12b (right) - Pitch angle as
a function of inner radius for NGC 1365. A stable mean pitch angle of −34.81◦
is determined for the m = 2 harmonic mode from a minimum inner radius of
451 pixels (117′′) to a maximum inner radius of 812 pixels (210′′), with an
outer radius of 938 pixels (243′′). This stretch of 361 pixels (93.5′′) occupies
38% of the galactic disc. Equation (2.7) yields Eφ = 2.80◦ with λ = 377 pixels
(97.6′′), β = 462 pixels (120′′), σ = 1.17◦, and 2 = 2.40◦. The final determi-
nation of pitch angle is therefore −34.81◦± 2.80◦. This galaxy demonstrates
a large bar, approximately 34% of its outer radius. The absolute value of the
pitch angle can be seen to gradually decrease from φ = −82.87◦ at an inner
radius of 105 pixels (27.2′′) until φ = −36.03◦ at an inner radius of 435 pixels
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Figure 2.13: Pitch angles for 47 spiral galaxies in both blue (B) and infrared (I) wavebands.
The solid black line represents a 1:1 ratio. The dashed blue line is a best-fit
line, which is consistent with a 1:1 ratio within errors. . . . . . . . . . . . . . 40
Figure 2.14: Fig. 2.14a (left) - Deprojected (PA = −154.1◦ & α = 19.09◦) B-band (in-
verted color) image of M51 (M51a and its dwarf companion galaxy M51b)
acquired from NED (imaging from KPNO 2.1 m CFIM with a pixel scale of
0.305′′ pixel−1). Fig. 2.14b (middle) - A stable mean pitch angle of 19.13◦ is
determined for the m = 2 harmonic mode from a minimum inner radius of 54
pixels (16.5′′) to a maximum inner radius of 229 pixels (69.8′′), with an outer
radius of 653 pixels (199′′). This stretch of 175 pixels (53.4′′) occupies 27% of
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the outer regions of the galaxy. This is seen in Fig. 2.14a and at the noticeable
sign change in this plot at an inner radius of 389 pixels (119′′). Fig. 2.14c
(right) - A stable mean pitch angle of 16.26◦ is determined for the m = 2 har-
monic mode from a minimum inner radius of 54 pixels (16.5′′) to a maximum
inner radius of 276 pixels (84.2′′), with an outer radius of 389 pixels (119′′).
This stretch of 222 pixels (67.7′′) occupies 57% of the measurement annulus.
Equation (2.7) yields Eφ = 3.20◦ with λ = 222 pixels (67.7′′), β = 296 pixels
(90.3′′), σ = 2.36◦, and 2 = 0.57◦. The final determination of pitch angle is
therefore 16.26◦± 3.20◦. This alternate pitch angle measurement isolates the
inner portion of the galaxy out to the clear break from constant pitch angle seen
in Fig.2.14b. As a result, the unstable outer portion of the galaxy has been ig-
nored and a more accurate pitch angle has been determined for the purer inner
structure of this interacting galaxy. . . . . . . . . . . . . . . . . . . . . . . . . 47
Figure 2.15: Pitch angles (left) and their associated errors (right) sorted into their respec-
tive arm classes (classes 10 and 11 are no longer in use). Fig. 2.15a (left) -
Pitch angles (black crosses) arranged into their arm classes with binned aver-
ages (red squares connected by red line segments). No clear trend is recog-
nizable between pitch angle and arm class. Fig. 2.15b (right) - Pitch angle
errors (black crosses) arranged into their arm classes with binned averages
(red squares connected by red line segments). No clear trend is recognizable
between pitch angle errors and arm class. . . . . . . . . . . . . . . . . . . . . 48
Figure 2.16: Fig. 2.16a (left) - Star-subtracted and deprojected (PA = 160◦ & α = 53.84◦)
B-band (inverted color) image of NGC 5054 (see Fig. 2.10a), overlaid with
the contours of the Inverse 2-D FFT for the m = 3 harmonic mode (in red)
conducted with an inner radius of 160 pixels (41.4′′) and an outer radius of 508
pixels (132′′). The contours are the real part of the complex spatial function
of Equation (2.9) with m = 3. The contours illustrate the different levels of
amplitude for the m = 3 harmonic mode. The Inverse 2-D FFT displays a
single value pitch angle of −40.60◦ (as shown in Fig. 2.1b). However, the
pitch angle can be seen to tighten (decrease) as the inner radius increases. Fig.
2.16b (right) - Plot of the amplitude of pmax as a function of inner radius for
NGC 5054, indicating the m = 3 component as the dominant harmonic mode
for the galaxy. The m = 3 harmonic mode is dominant from an inner radius of
77 to 456 pixels (19.9′′ to 118′′), constituting about 75% of the galaxy’s radius. 54
Figure 2.17: Fig. 2.17a (left) - B-band pitch angle as a function of inner radius for NGC
5054, after star subtraction and deprojection (PA = 160◦ & α = 53.84◦) were
performed (see Fig. 2.10a). A stable mean pitch angle is difficult to define
since the pitch angle is seen to continually decrease from an inner radius of
about 200 to one of about 425. A rough mean pitch angle of −24.52◦ (a signif-
icant departure from the single value, non-iterative measurement of −40.60◦,
see Fig. 2.1b) is determined for the m = 3 harmonic mode from a minimum
inner radius of 123 pixels (31.9′′) to a maximum inner radius of 434 pixels
(112′′), with an outer radius of 508 pixels (132′′). This stretch of 311 pixels
(80.5′′) occupies 61% of the galactic disc. This measurement has a significant
error due to the unstable pitch angle. Equation (2.7) yields Eφ = 12.84◦ with
λ = 311 pixels (80.5′′), β = 334 pixels (86.5′′), σ = 11.92◦, and 3 = 0.92◦. The
final determination of pitch angle is therefore −24.52◦± 12.84◦. Fig. 2.17b
(right) - For the pure symmetrical component of NGC 5054 (see Fig. 2.18a),
the B-band pitch angle (same deprojection parameters as Fig. 2.17a) as a func-
tion of inner radius is far more stable. A stable mean pitch angle of −25.57◦ is
determined for the m = 3 harmonic mode from a minimum inner radius of 91
pixels (23.6′′) to a maximum inner radius of 253 pixels (65.5′′), with an outer
radius of 593 pixels (154′′). This stretch of 162 pixels (42.0′′) occupies 27% of
the galactic disc. Equation (2.7) yields Eφ = 3.72◦ with λ = 162 pixels (42.0′′),
β = 443 pixels (115′′), σ = 1.31◦, and 2 = 1.00◦. The final determination of
pitch angle is therefore −25.57◦±3.72◦, a percent difference of 4.19% in mean
pitch angle with a 72.03% reduction in error from the original. . . . . . . . . . 56
Figure 2.18: Fig. 2.18a (left) - m = 3 symmetrical component (inverted color and with the
same deprojection parameters as Fig. 2.10a) of NGC 5054 (see Fig. 2.10a).
Fig. 2.18b (right) - m = 2 symmetrical component (inverted color and with the
same deprojection parameters as Fig. 2.10b) of NGC 5247 (see Fig. 2.10b). . . 57
Figure 2.19: Fig. 2.19a (left) - B-band pitch angle as a function of inner radius for NGC
5247 after deprojection (PA = 20◦ & α = 28.36◦) was performed (see Fig.
2.10b). A stable mean pitch angle of −28.76◦ is determined for the m = 2
harmonic mode from a minimum inner radius of 1 pixel (0.259′′) to a max-
imum inner radius of 331 pixels (85.7′′), with an outer radius of 565 pixels
(146′′). This stretch of 330 pixels (85.5′′) occupies 58% of the galactic disc.
Equation (2.7) yields Eφ = 5.73◦ with λ = 330 pixels (85.5′′), β = 508 pixels
(132′′), σ = 3.56◦, and 2 = 1.70◦. The final determination of pitch angle is
therefore −28.76◦±5.73◦. Fig. 2.19b (right) - For the pure symmetrical com-
ponent of NGC 5247 (see Fig. 2.18b), a stable mean B-band pitch angle (same
deprojection parameters as Fig. 2.19a) of −31.94◦ is determined for the m = 2
harmonic mode from a minimum inner radius of 9 pixels (2.33′′) to a maximum
inner radius of 235 pixels (60.9′′), with an outer radius of 486 pixels (126′′).
This stretch of 226 pixels (58.5′′) occupies 47% of the galactic disc. Equa-
tion (2.7) yields Eφ = 5.75◦ with λ = 226 pixels (58.5′′), β = 428 pixels (111′′),
σ = 2.83◦, and 2 = 2.06◦. The final determination of pitch angle is therefore
−31.94◦±5.75◦, a percent difference of 10.48% in mean pitch angle with es-
sentially the same error as the original. As a characteristic example, NGC
5247 displays a similar pattern of agreement among even harmonic modes as
the two-armed synthetic spiral with an added symmetrical bulge component
(see Figure 2.5g). . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 58
Figure 2.20: Fig. 2.20a (left) - Deprojected (PA = 50◦ & α = 39.65◦) B-band inverse image
of IC 4538, before star subtraction, overlaid with the contours of the Inverse
FFT for the m = 3 harmonic mode (in red), conducted with an inner radius of
54 pixels (14.0′′) and an outer radius of 258 pixels (66.8′′), demonstrating a
pitch angle of −19.98◦. The contours are the real part of the complex spatial
function of Equation (2.9) with m = 3. The contours illustrate the different lev-
els of amplitude for the m = 3 harmonic mode. The overlaid Inverse FFT tends
to track the bright foreground stars. Fig. 2.20b (right) - Star-subtracted and
deprojected (with the same parameters as Fig. 2.20a) B-band inverse image of
IC 4538, overlaid with the contours of the Inverse FFT for the m = 4 harmonic
mode (in red), conducted with an inner radius of 54 pixels (14.0′′) and an outer
radius of 264 pixels (68.4′′), demonstrating a pitch angle of −15.42◦. The con-
tours are the real part of the complex spatial function of Equation (2.9) with
m = 4. The contours illustrate the different levels of amplitude for the m = 4
harmonic mode. In the absence of bright foreground stars, all four visible arms
of the galaxy are tracked by the Inverse FFT overlay. . . . . . . . . . . . . . . 60
Figure 2.21: Fig. 2.21a (left) - Star-subtracted and deprojected (PA = 5◦ & α = 53.84◦) B-
band inverse image NGC 7083. Fig. 2.21b (middle) - Plot of the amplitude
of pmax as a function of inner radius for NGC 7083, indicating the m = 3 com-
ponent as the dominant harmonic mode for the galaxy. The m = 3 harmonic
mode is dominant from an inner radius of 145 to 384 pixels (37.6′′ to 99.5′′),
constituting about 61% of the galaxy’s radius. Fig. 2.21c (right) - A stable
mean pitch angle of −19.44◦ is determined for the m = 3 harmonic mode from
a minimum inner radius of 143 pixels (37.0′′) to a maximum inner radius of
319 pixels (82.6′′), with an outer radius of 390 pixels (101′′). This stretch of
176 pixels (45.6′′) occupies 45% of the galactic disc. Equation (2.7) yields
Eφ = 3.21◦ with λ = 176 pixels (45.6′′), β = 208 pixels (53.9′′), σ = 2.67◦, and
3 = 0.58◦. The final determination of pitch angle is therefore −19.44◦±3.21◦. 67
Figure 2.22: NGC 1365 (see Figure 2.12a) overlaid with a m = 2 spiral with φ = −34.81◦
(solid red lines) representing our best-fit pitch angle measurement (see Figure
2.12b), φ = −32.01◦ (short dashed red lines) representing our lower limit fit,
φ = −37.61◦ (long dashed red lines) representing our upper limit fit, and φ =
−16.5◦ (alternating short-long dashed blue lines) representing the average fit
of Ma (2001) and Kennicutt (1981). . . . . . . . . . . . . . . . . . . . . . . . 69
Figure 3.1: Left: luminosity distance vs. absolute B-band magnitude for all of the spi-
ral galaxies (385) found using the magnitude-limiting selection criteria (BT ≤
12.9 and δ< 0◦). The upper limit absolute magnitude can be modeled as an ex-
ponential and is plotted here as the solid blue line. The dashed red rectangle is
constructed to maximize the number of galaxies in the volume-limited sample.
The limiting luminosity distance and absolute B-band magnitude are set to be
25.4 Mpc and −19.12, respectively. Right: histogram showing the number of
galaxies contained in the box in the top panel as the box is allowed to slide to
new positions based on the limiting luminosity distance. Note there is a dou-
ble peak in the histogram maximizing the sample each at 140 galaxies. The
two possible combinations are DL = 25.4 Mpc and MB = −19.12 or DL = 27.6
Mpc and MB = −19.33. We chose to use the former (leftmost peak) because its
volume-limiting sample is complete for galaxies with dimmer intrinsic bright-
ness. In total, the two samples differed by only 20 non-mutual galaxies, a
difference of ≈ 14%. Complete volume-limited samples were computed for
limiting luminosity distances ranging from 0.001 Mpc to 100.000 Mpc in in-
crements of 0.001 Mpc. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . 87
Figure 3.2: Luminosity function for the 140 member, volume-limited sample of galaxies
obtained from the larger CGS sample. The function is given here (solid blue
line) in terms of the probability density function, fit to the results of Equa-
tion (3.7). The function abruptly stops on the dim end due to our exclusion of
galaxies with MB > −19.12. Superimposed for comparison is the r-band lumi-
nosity functions of z ≈ 0.1 galaxies selected from the Sloan Digital Sky Sur-
vey (SDSS) for all galaxy types (Blanton et al., 2003) and late types (Bernardi
et al., 2013); illustrated as green dashed and red dotted lines, respectively.
These have all been shifted by B− r = 0.67 mag, the average color of an Sbc
spiral (Fukugita et al., 1995), which is roughly the median Hubble type of both
the CGS and our derivative volume-limited sample. . . . . . . . . . . . . . . . 89
Figure 3.3: Left: distribution of the Hubble type subdivisions (lowercase letters) for the
385 spiral galaxies contained in the CGS sample. Right: distribution of the
Hubble type subdivisions (lowercase letters) for the 140 spiral galaxies con-
tained in the volume-limited subsection of the CGS sample. . . . . . . . . . . 91
Figure 3.4: Location of galaxies on the southern celestial hemisphere. Galaxies with mea-
surable pitch angles are marked with blue stars and galaxies with unmeasur-
able pitch angles are marked with red diamonds. . . . . . . . . . . . . . . . . 98
Figure 3.5: Dominant harmonic modes (m) resulting from the number of spiral arms yield-
ing the highest stability in the resulting pitch angles measured by the 2DFFT
software for the sample of 128 measurable spiral galaxies from the volume-
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Figure 3.6: Pitch angle distribution (dashed green line) and a probability density function
(PDF; solid blue line) fit to the data. The pitch angle distribution is a “bin-
less" histogram that we modeled by allowing each data point to be a Gaussian,
where the pitch angle absolute value is the mean and the error bar is the stan-
dard deviation. The pitch angle distribution is then the normalized sum of all
the Gaussians. The resulting PDF is defined by µ = 21.44◦, median = 20.56◦,
σ = 9.85◦, skewness = 0.58, kurtosis = 3.47, and a most probable pitch angle
absolute value of 18.52◦ with a probability density value of φ = 0.042 deg−1. . . 102
Figure 3.7: Black hole mass distribution (dashed green line) and a PDF (solid blue line)
fit to the data. The black hole mass distribution is a “binless" histogram that
we modeled by allowing each data point to be a Gaussian, where the black
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the mean and the error bar is the standard deviation. The black hole mass
distribution is then the normalized sum of all the Gaussians. The resulting
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, σ = 0.67 dex
M, skewness = −0.59, kurtosis = 3.61, and a most probable SMBH mass of
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Figure 3.8: Left: MCMC sampling of the late-type BHMF (rough black line) with the
best fit model PDF (solid red line) surrounded by a ±1σ error region (gray
shading). When integrated, the area under the curve yields the number density
for the entire volume-limited sample, 4.15 × 10−3 h367.77 Mpc−3. The plotted
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sampling of the late-type BHMF with the best fit model CDF (solid red line)
surrounded by a ±1σ error region (gray shading). The CDF visually depicts
the integration of the above PDF in the top panel from M = 0 until any desired
reference point. Here,Φ is used to indicate an integrated probability, elsewhere
φ is used to indicate a probability density. The upper asymptote approaches
the number density for the entire volume-limited sample, 4.15 × 10−3 h367.77
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Figure 3.9: Contribution by the SMBH mass to the cosmic SMBH mass density (solid
red line) surrounded by a ±1σ error region (gray shading). This plot is pro-
portional to Figure 3.8 (top), in that this is the product of the BHMF and the
SMBH mass (φM). When integrated, the area under the curve for this plot
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Figure 3.10: Comparison of the BHMFs generated through MCMC sampling (solid red
line with gray shading) and through convolution of the probabilities associated
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Figure 3.11: Comparison between our determination of the BHMF for late-type galaxies
with our MCMC fit in red with a gray shaded ±1σ error region, zero intrin-
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Figure 3.12: Visualization of all-type BHMF mass functions generated by the addition of
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coni et al. (2004), Graham et al. (2007), and Vika et al. (2009) represented by
black triangles, blue stars, and green hexagons, respectively. . . . . . . . . . . 122
Figure 4.1: Two-dimensional plot of the linear fit defined by the multivariate normally dis-
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1 Introduction
The research conducted for this dissertation was inspired by and ultimately funded by the
success of the results presented in Seigar et al. (2008). This led to the creation of the Arkansas
Galaxy Evolution Survey (AGES). The mission statement of the AGES group defines an overall
program of investigating the mass function of supermassive black holes (SMBHs). Essentially, we
are engaged in a census to find out what is the typical size of the black hole that is thought to lurk
at the center of every galaxy. We have three main research areas within this overall program:
• The first is to use images of normal galaxies, out to distances of several billion light years
from the Sun, to estimate the mass of their quiescent black holes. To do this, we measure
visible quantities of the host galaxy, such as the pitch angle of the spiral arms in disk galaxies,
which our group has demonstrated correlates well with the mass of the black hole of that
galaxy (Seigar et al., 2008).
• The second is to make use of spectral techniques to measure the mass of the black holes
which power quasars. A quasar is a SMBH in the process of swallowing new matter, which
causes the matter falling towards the hole to shine more brightly than an entire galaxy.
• The third research are is to find evidence of binarity, in which a galaxy has not one, but two
SMBHs orbiting each other at its center.
As a researcher in the AGES group, I set out to investigate our overall research goal by focusing
on the primary research area laid out by our collaboration.
1
1.1 Logarithmic Spiral Pitch Angle
Spiral structure in galaxies is well-described as a density wave (Lin & Shu, 1964). As gas
enters this density wave, it is compressed to the point that stars can form (Roberts, 1969; Shu et al.,
1972). These star formation regions, along with gas and dust, conglomerate together into galactic
spiral arms in the disk regions of spiral galaxies (exterior to bulges and bars). An alternatively
theory is proposed by Athanassoula et al. (2010), applying specifically to barred galaxies. Ac-
cording to their theory, it is the unstable Lagrangian points located at the ends of the bar and the
corresponding manifolds that are responsible for the formation of spirals and rings. Spiral galax-
ies are classified into three main types of spiral structure: grand design, flocculent (Elmegreen,
1981), and multi-armed. Grand design spirals are well-defined two-armed galaxies and are direct
manifestations of spiral density wave theory. Flocculent spirals are irregular with sporadic spiral
arm segments, and cannot be explained by density wave theory, and instead are better explained by
stochastic self-propagating star formation (Seiden & Gerola, 1982). Multi-arm spirals have distinct
spiral arms, not necessarily symmetrically spaced, possibly a result of galaxy harassment, and may
be described by a combination of both of the above theories.
In general, logarithmic spirals are good approximations of the shape of galactic spiral arms
(Seigar & James, 1998). The boundary conditions for the absolute value of the pitch angle are
0◦ and 90◦, which produce a circle and a line respectively. Pitch angle is defined as the angle
between the line tangent to a circle and a line tangent to a logarithmic spiral at any radius (See
Figure 1.1). Small pitch angles are associated with tightly wound spirals and high pitch angles are
associated with loosely wound spirals. The sign of the pitch angle indicates the chirality of the
spiral, with positive pitch angle indicating clockwise outward winding and negative pitch angle
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Figure 1.1 Graphical demonstration of the definition of logarithmic spiral arm pitch angle. There
are four elements in the plot above: blue - a logarithmic spiral with φ = 25◦, teal - a circle with
r = 2.08 intersecting the logarithmic spiral at (0,2.08), red - a line tangent to the circle at (0,2.08),
and green - a line tangent to the logarithmic spiral at (0,2.08). The angle subtended between the
line tangent to circle and the line tangent to the logarithmic spiral is 25◦, which is equivalent to the
pitch angle of the logarithmic spiral.
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indicating counterclockwise outward winding.
The first and most enduring classification scheme of galactic spiral arm windings is the
Hubble Sequence (Hubble, 1926). The Hubble Sequence classifies both spiral galaxies (S) and
barred spiral galaxies (SB) as having tight (Sa or SBa), medium (Sb or SBb), and loose (Sc or SBC)
arms. The determination of Hubble Type is merely a qualitative estimate for the logarithmic spiral
pitch angle of spiral galaxies. The implementation of pitch angle as a physical quantity of spiral
galaxies and the use of Fast Fourier Transforms to obtain pitch angle measurements is increasing
in its popularity recently in the astronomy community (e.g., Kendall et al., 2011). There exists no
defined pitch angle ranges for Hubble Types; a good rule of thumb would likely be φ < 20◦ for
Hubble type Sa, 20◦ ≤ φ< 35◦ for Sb, and 35◦ ≤ φ for Sc. Practical limits for galactic pitch angles
have been observed to be 5◦ ≤ φ≤ 50◦ (Seigar et al., 2005; Seigar, 2005).
1.2 Relation Between Pitch Angle and Supermassive Black Hole Mass in Disk Galaxies
The importance of logarithmic spiral arm pitch angle (P) was demonstrated by Seigar et al.
(2008) when they discovered its usefulness in predicting a galaxy’s central black hole mass (MBH).
Five years later, Berrier et al. (2013) presented further evidence of this relation (see Figure 1.2) by
more than doubling the sample size and improving the accuracy of pitch angle measurements by
using the improved pitch angle measurement methods of Davis et al. (2012). Physical explanations
for a global parameter such as pitch angle correlating with a relatively tiny feature in the galaxy
such as the central black hole mass can be reasoned in two steps. First, it is widely-accepted that
SMBH mass should correlate with the mass of the galactic bulge, as evidence in the dynamics
of the stellar bulge (e.g., Ferrarese & Merritt, 2000). Second, modal density wave theory (e.g.,
4
Figure 1.2 Black hole mass vs. pitch angle for all spiral galaxies with directly measured black hole
masses available (34). The best linear fit to this data is illustrated and gives the following relation
log(MBH/M) = (8.21± 0.16)− (0.062± 0.009)P. The fit has a reduced χ2 = 4.68 with a scatter
of 0.38 dex. Black hole masses measured using stellar and gas dynamics techniques are labeled
with black×’s (10 points), reverberation mapping masses with red triangles (12 points), and maser
measurements with blue squares (12 points). This figure is reproduced from Berrier et al. (2013).
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Lin & Shu, 1964; Roberts, 1975; Seiden & Gerola, 1979; Bertin et al., 1989a) predicts a strong
correlation between the pitch angle and the central mass concentration of galaxies (Grand et al.,
2013), with more tightly wound spiral arms associated with large central mass concentrations.
1.3 Black Hole Mass Function
Strong evidence suggests that supermassive black holes (SMBHs) reside in the nuclei of
most galaxies and that correlations exist between the two (Kormendy & Richstone, 1995; Kor-
mendy & Gebhardt, 2001). Therefore, it is possible to conduct a census by studying the numerous
observable galaxies in our Universe in order to estimate demographic information (i.e., mass) for
the population of SMBHs in our Universe. Since the discovery of quasars (Schmidt, 1963) and the
early suspicion that their power sources were in fact SMBHs (Salpeter, 1964; Lynden-Bell, 1969),
the study of quasar evolution via quasar luminosity functions has been the preferred method of
obtaining black hole mass functions (BHMFs). But, these studies focus primarily on early-type
galaxies, with the most massive SMBHs, and often provide little direct information about the
nature of the less massive SMBHs residing in late-type galaxies, where black hole growth has in-
creased, as observed and described as “cosmic downsizing" (e.g., Cowie et al., 1996). Moreover,
other indicators of SMBH mass such as the central stellar velocity dispersion (Gebhardt et al.,
2000; Ferrarese & Merritt, 2000) or Sérsic Index (Graham & Driver, 2007) may yield better esti-
mates for BHMFs derived from late-type galaxies (e.g., Graham et al., 2007), but they still lack the
precision to address purely spiral or barred spiral morphologies of disk galaxies.
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1.4 Spiral Arm Pitch Angles as a Probe of Disk Galaxy Mass Profiles
Seigar et al. (2004), Seigar (2005), and Seigar et al. (2006, 2014) present a correlation
between the spiral arm pitch angle and the rotation curve rate of shear for a galaxy. Shear (S) is a
dimensionless quantity measured from rotational velocity curves, defined as
S =
A
ω
=
1
2
(
1−
R
V
dV
dR
)
, (1.1)
where A is the first Oort constant, ω is the angular velocity, and V is the velocity at a radius R.
S > 0.5 indicates a falling rotation curve and S < 0.5 indicates a rising rotation curve. The shape
of rotation curves depend on the mass (both baryonic and dark matter) distribution and indicate
the mass concentration of a galaxy. Shear, being a measure of the rotation curve shape is thus
a measure of the central mass concentration of a galaxy. Therefore, a correlation between pitch
angle and shear indicates a relation between pitch angle and the central mass concentration of a
galaxy. Furthermore, Seigar et al. (2014) indicate the hints of a correlation between just the dark
matter halo concentration of a galaxy and its spiral arm pitch angle.
1.5 Spiral Density Waves and Pitch Angle
Djorgovski & Davis (1987) and Dressler et al. (1987) established that a fundamental plane
exists between the effective radius, average surface brightness, and central velocity dispersion of
elliptical galaxies. This has also been shown to be very similar for spiral galaxy bulges (Falcón-
Barroso et al., 2002). The obvious difference between ellipticals and disk galaxies is the presence
of spiral structure. It has been established that a correlation exists between spiral arm pitch angle
and the bulge-to-disk ratio in disk galaxies (Kennicutt, 1981; Seigar & James, 1998), although this
relationship does have a lot of scatter. Indeed this relationship is predicted by the modal theory of
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density waves (Bertin et al., 1989b,c), which describes spiral patterns as a standing, density wave
that propagates in a galactic disk. The central bulge mass can be thought of as the tension which is
the restoring force of the wave. In the limit of large bulge masses and thin disks, it has been shown
that the spiral arm pitch angle is proportional to the density of material in the disk and inversely
proportional to the mass of the central spheroidal component (see the analysis of Saturn’s rings by
Shu, 1984). Density wave theory (Lin & Shu, 1966) predicts that this correlation should also exist
in spiral galaxies. From Berrier et al. (2013), we find that
tan |P| ∝ Σ(R)
M(R)
, (1.2)
where P is the logarithmic spiral arm pitch angle, Σ(R) is the disk surface density measured at
a galactocentric radius of R, and M(R) is the central mass within a galactocentric radius of R of
a galaxy. Equation (1.2) mathematically describes the fundamental plane predicted by density
waves. The existence of such a fundamental plane should not be hampered by either long-lived or
transient spiral structure (Sellwood & Carlberg, 2014).
1.6 Outline
This doctoral thesis is comprised of my three lead-author publications in peer-reviewed sci-
entific journals published and copyrighted by the American Astronomical Society (AAS)1. Chapter
2, "Measurement of Galactic Logarithmic Spiral Arm Pitch Angle Using Two-Dimensional Fast
Fourier Transform Decomposition" (Davis et al., 2012), is my first paper, where I detail the usage
of our two-dimensional fast Fourier transform software and its application to the measurement of
logarithmic spiral arm pitch angle in disk galaxies. Chapter 3, "The Black Hole Mass Function
1The AAS permits the use of material from its journals by lead authors, especially when mate-
rial is being reproduced for a doctoral thesis.
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Derived from Local Spiral Galaxies" (Davis et al., 2014), my second paper, details the application
of the software discussed in 2 and its usage in conjunction with the SMBH - pitch angle relation
from Berrier et al. (2013) in order to generate a black hole mass function of local spiral galaxies.
Chapter 4, "A Fundamental Plane of Spiral Structure in Disk Galaxies" (Davis et al. submitted),
my most recent paper, is where I account our empirical validation of the spiral density wave theory
of Lin & Shu (1966) by demonstrating the existence of a planar relationship between the spiral
arm pitch angle, the density of neutral atomic hydrogen gas in the disk, and the stellar bulge mass
of a galaxy. Finally, in Chapter 5, I summarize the overall results of this dissertation and provide a
discussion on its implications.
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2 Measurement of Galactic Logarithmic Spiral Arm Pitch Angle Using
Two-Dimensional Fast Fourier Transform Decomposition
2.1 Abstract
A logarithmic spiral is a prominent feature appearing in a majority of observed galaxies.
This feature has long been associated with the traditional Hubble classification scheme, but his-
torical quotes of pitch angle of spiral galaxies have been almost exclusively qualitative. We have
developed a methodology, utilizing two-dimensional fast Fourier transformations of images of spi-
ral galaxies, in order to isolate and measure the pitch angles of their spiral arms. Our technique
provides a quantitative way to measure this morphological feature. This will allow comparison
of spiral galaxy pitch angle to other galactic parameters and test spiral arm genesis theories. In
this work, we detail our image processing and analysis of spiral galaxy images and discuss the
robustness of our analysis techniques.
2.2 Introduction
Approximately 60% of galaxies in the local Universe are spiral (Buta, 1989). A consid-
erable number of these spiral galaxies show Grand Design structure, where the spiral pattern is
uniform and spans the entire disc of the galaxy. In these galaxies, the spiral pattern is often loga-
rithmic in nature (Seigar & James, 1998), and so their appearance is scale independent. The best
geometric measure for logarithmic spirals is the pitch angle, and this can be measured for any
galaxy in which spiral structure can be discerned, independently of the distance to the galaxy.
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It is worth noting that spiral structure has been observed for over 150 years1 with no clear
standard for quantitative measurement having emerged, even though it correlates well with other
important features of galaxies, such as central supermassive black hole (SMBH) mass (Seigar et al.,
2008). Furthermore, spiral arm pitch angle could serve as a means to discriminate between rival
theories for the formation of spiral structure in galactic discs. The aim of this paper is to present
one such method, based on a Two-Dimensional (2-D) Fast Fourier Transform (FFT) algorithm2,
which decomposes images into spirals of different pitch angles and numbers of arms.
A long-standing and quite successful theory of spiral structure in galaxies is the quasi-
stationary density wave model (Lin & Shu, 1964). As gas enters this density wave, it is compressed
to a density at which stars can form (Roberts, 1969; Shu et al., 1972). These star forming regions,
along with stars and gas, conglomerate together into spiral arms in the disc regions of spiral galax-
ies, with star forming regions found on the leading edges of arms, and dust (in the form of dust
lanes) seen on their trailing edges.
A recently formulated rival theory proposes that spiral arms are composed of identifiable
groups of stars in highly eccentric and chaotic orbits, which originate near the ends of galactic
bars. These orbits, though chaotic, keep the stars grouped in relatively narrow tubes known as
manifolds, which are responsible for the observed spiral structure (Athanassoula et al., 2009b,a,
2010). According to this theory, galaxies with stronger bar potentials should have more open spiral
structure. In a recent study of 27 galaxies, Martínez-García (2012) found that ≈ 60% of galaxies
corroborate this theory and that galaxies in which the spiral arms maintain a logarithmic shape for
1Spiral structure in galaxies was observed as early as 1845 (Lord Rosse’s sketch of M51; Her-
schel, 1859).
2This code is publicly available for use at http://dafix.uark.edu/~ages/
downloads.html and http://astro.host.ualr.edu/2DFFT/.
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azimuthal ranges greater than 70◦ seem to corroborate the predicted trend.
Spiral galaxies are classified into three main types of spiral structure: grand design, floc-
culent (Elmegreen, 1981), and multi-armed. Grand design spirals are well-defined two-armed
galaxies and theoretical efforts have naturally focused on explaining these very striking patterns.
Flocculent spirals are less regular with sporadic spiral arm segments. It has been proposed that the
origins of this kind of spiral are quite different from grand design spirals, the products of stochastic
self-propagating star formation being acted upon by the differential rotation of the disc to create
segments with the appearance of spiral arms (Seiden & Gerola, 1982). Multi-arm spirals have
distinct spiral arms, not necessarily symmetrically spaced. It is likely that they formed as a result
of galaxy harassment (frequent high speed galaxy encounters within clusters; Moore et al., 1996).
Spiral arm generation from external forces has been proposed to explain the genesis of multi-arm
spiral structure in our own Milky Way (e.g., Purcell et al., 2011).
In general, logarithmic spirals are good approximations of the shape of galactic spiral arms
(Seigar & James, 1998). Logarithmic spirals are defined in polar coordinates as
r = r0eθ tan(φ) (2.1)
where r is the radius, θ is the central angle, r0 is the initial radius when θ = 0◦, and −90◦ ≤ φ≤ 90◦
is the pitch angle. The limits for the absolute value of the pitch angle are 0◦ and 90◦, which pro-
duce a circle and a line, respectively. Pitch angle is defined as the angle between the line tangent
to a circle and the line tangent to a logarithmic spiral at a specified radius. Small pitch angle abso-
lute values are associated with tightly wound spirals and high absolute values with loosely wound
spirals. The sign of the pitch angle indicates the chirality of the spiral, with positive pitch an-
gles indicating clockwise outward winding and negative pitch angles indicating counterclockwise
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outward winding (as seen from a given observer’s position, i.e., above or below the galactic plane).
In this paper we present a method for determining reliable galactic spiral arm pitch angles.
Given sufficient quality images, our software can reliably measure pitch angles by iterative 2-D
FFT analyses. The paper is outlined as follows: §2.3 describes the observations of the images we
use and our procedure to prepare those images for measurement through our software. §2.4 details
the need for and the nature of our iterative adaptation to the FFT software, along with interpretation
of its results. §2.5 discusses how we determine errors on our measured pitch angles. §2.6 describes
our image analysis and related tools for further image refinement and evaluation. Finally, in §2.7
we present a discussion of our results and a few possible applications of the code.
2.3 Observations and Data Analysis Techniques
The galaxy images we use in this paper (unless mentioned otherwise) come from the
Carnegie-Irvine Galaxy Survey (CGS3; Ho et al., 2011). This is a statistically complete, magnitude-
limited sample of 605 bright (BT < 12.9 mag), Southern (δ < 0◦) galaxies observed using the
SITe2k CCD camera (with a pixel scale of 0.259′′ pixel−1) on the 2.5 m du Pont telescope at the
Las Campanas Observatory in Chile. The overall quality of the images is high, both in terms of
resolution (median seeing ∼ 1′′), field-of-view (8.9′× 8.9′), and depth (median limiting surface
brightness ∼ 27.5, 26.9, 26.4, and 25.3 mag arcsec−2 in the B, V , R, and I bands, respectively). All
CGS images have been oriented to have up as North and left as East (before we subsequently rotate
images for deprojection purposes). In this paper, we use a subset of galaxies from the CGS sample
in order to test our methods. For images not included in the CGS sample, we use the NASA/IPAC
3http://cgs.obs.carnegiescience.edu/
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Extragalactic Database (NED)4 to acquire images.
2.3.1 Two-Dimensional Fast Fourier Transformations of Galaxy Images
A program called 2DFFT (Saraiva Schroeder et al., 1994) accomplishes the 2-D FFT de-
composition of images. 2DFFT itself is an adaptation of the FOURN routine from Numerical
Recipes in C (Press et al., 1989) that deals with CCD (charge-coupled device) images. The pro-
gram is intended to analyze face-on or deprojected galaxy orientations. The decomposition is
modeled on logarithmic spirals. As pointed out by Considere & Athanassoula (1988), this method
does not assume that observed spiral structures are logarithmic. It only decomposes the observed
distributions into a superposition of logarithmic spirals of different pitch angles and number of
arms, which can be thought of as building blocks. This is analogous to the usual Fourier method
of decomposing signals into a superposition of sinusoidal functions of different frequency. As per
Puerari et al. (2000), the amplitude of each Fourier component is given by
A(p,m) =
1
D
∫ +pi
−pi
∫ rmax
rmin
I(u,θ)e−i(mθ+pu)dudθ (2.2)
where u≡ lnr, r (radius) and θ (central angle) are in polar coordinates, rmin is the inner radius, rmax
is the outer radius of the user-defined calculation annulus, and D is a normalization factor written
as
D =
∫ +pi
−pi
∫ rmax
rmin
I(u,θ)dudθ. (2.3)
I(u,θ) is the distribution of light of a given deprojected galaxy, in a (u,θ) plane, m represents the
number of arms or harmonic modes, and p is the variable associated with the pitch angle (φ),
4http://ned.ipac.caltech.edu/
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Figure 2.1 Fig. 2.1a (top) - B-band (inverted color) image of NGC 5054. NGC 5054 is measured
to have a position angle (PA) of 160◦ and an inclination angle (α) of 53.84◦. Fig. 2.1b (bottom) -
A(m, p) values for a deprojected B-band image of NGC 5054 with a measurement annulus defined
by an inner radius of 160 pixels (41.4′′) and an outer radius of 508 pixels (132′′). This indicates
a peak in the three-armed spiral harmonic mode at pmax = 3.50. The equivalent single value pitch
angle via Equation (2.4) is −40.60◦ (Note - subsequent sections and figures will revise this mea-
surement with improved methods).
defined by
tan(φ) =
−m
pmax
(2.4)
with pmax being the value of p with the highest amplitude for a given harmonic mode (see Figure
2.1). As currently defined, the code calculates Equation (2.2) for 0≤m≤ 6. Additionally, the code
reports a phase angle (Φ) for the orientation of the spiral arm pattern, calculated as
Φ = arctan
Im[A]
Re[A]
(2.5)
where Im[A] and Re[A] are the imaginary and the real part of A(p,m), respectively.
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2.3.2 Image Preprocessing
2.3.2.1 Deprojection
An important step in measuring the pitch angle of a galaxy, regardless of the method, is to
deproject the galaxy to a face-on orientation. This process assumes that a galaxy with the plane of
its disc parallel to the plane of the sky will be circular. A circular galaxy with random inclination
appears on the sky as an ellipse. Thus, a circular galaxy can be described by its position angle (PA;
orientation of the semi-major axis in degrees East of North) and its axis ratio. In turn, the axis ratio
can be further incorporated to characterize the angle of inclination (α) from the plane of the sky
defined by
α = arccos(b/a) (2.6)
where a is the semi-major axis and b is the semi-minor axis. Thus, an inclination angle of 0◦ and
90◦ describes a face-on and an edge-on galaxy, respectively. The position angle and axis ratio
can be determined easily from images using various programs, e.g., SExtractor (Source Extractor;
Bertin & Arnouts, 1996) or the ELLIPSE routine in IRAF5 (Tody, 1986; Jedrzejewski, 1987). EL-
LIPSE works by iteratively fitting isophotes interactively to a galaxy image and reporting various
parameters; most importantly, position angle and ellipticity (1− (b/a)).
With the position angle and axis ratio well-defined, the galaxy can be readily deprojected.
This is accomplished by rotating the image of the galaxy (see Figure 2.2a) by −PA (see Figure 2.2b)
and then stretching the x-axis by the a/b axis ratio (see Figure 2.2c). We use the IRAF routines
ROTATE and MAGNIFY to accomplish the image rotation and stretching, respectively. This pro-
5IRAF (Image Reduction and Analysis Facility) is distributed by the National Optical Astron-
omy Observatory (NOAO), which is operated by the Association of Universities for Research in
Astronomy (AURA) under cooperative agreement with the National Science Foundation (NSF).
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Figure 2.2 Fig. 2.2a (left) - B-band (inverted color) image of NGC 1337. NGC 1337 displays a
position angle of −30.97◦, a semi-minor to semi-major (b/a) axis ratio of 0.218, and a correspond-
ing angle of inclination from the plane of the sky of 77.41◦ as determined by Equation (2.6). Fig.
2.2b (middle) - B-band (inverted color) image of NGC 1337 rotated by 30.97◦ (−PA) to align the
semi-major axis with the y-axis. Fig. 2.2c (right) - B-band (inverted color) image of NGC 1337:
the result of stretching the x-axis of Fig. 2.2b by the a/b axis ratio (4.59), effectively deproject-
ing the image by circularizing the once elliptical shape of the galaxy. Subsequently, the image is
cropped and made square with the center of the galaxy at the center of the image.
cedure effectively aligns the semi-major axis of the galaxy with the y-axis on the image and then
stretches the semi-minor axis to an equal length as the semi-major axis, thus creating one unique
radius for the galaxy and turning what was an ellipse into a circle. The process of deprojection is
conducted in order to minimize errors in the resulting measurement of pitch angle. However, as
discussed later in §2.5.1, precise deprojection is not necessary for the measurement of the pitch
angle. Deprojection increases the range of galactic radii over which valid pitch angles may be
measured, and thus decreases error in those measurements. As a result, our assumption of galaxies
being intrinsically circular is not especially critical to the measurement of spiral arm pitch angle.
In the case of highly inclined (i.e., nearly edge-on) galaxies, much of the spiral arms are hidden
from sight and recovery of the intrinsic geometry via deprojection becomes increasingly difficult
with higher inclination angles. However, we have had success with deprojection on galaxies up to
α = 77.47◦ for the case of IC 4831. Of course, the ability to extract meaningful information from
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a deprojected image will strongly depend on the resolution of the image. For images of low to
moderate resolution, it is unlikely to be able to meaningfully analyze galaxies with α> 60◦.
2.3.2.2 Image Cropping
After deprojection, the next step is to determine the center of the galaxy. We assume that
the center of the galaxy is the brightest region within the galactic nucleus using the IRAF routine
IMCNTR to determine the brightest pixel location within a specified search region. The apparent
center of a galaxy is strongly affected by the interstellar extinction. As a result, different wavebands
may yield slightly different center coordinates based on this routine. We have conducted a test of
10 randomly selected galaxies from the CGS sample and have determined that, on average, the
positions of the central coordinates vary by a distance of 1.986 pixels (0.514′′) between B and I
band images. This insignificant discrepancy is made even less important by further findings in
§2.5.1, which show that measurement of pitch angle does not critically depend on location of the
precise center of the galaxy. The IMCNTR-determined coordinates are then adopted as the center
of the galaxy. The image is then cropped about the galaxy, with the center of the galaxy as the
center of the cropped image (see Figure 2.2c), and the resulting image made to be a perfect square,
as required by the 2DFFT code, with odd-numbered pixel-sized edges in order to allow a unique
median pixel location as the exact center of the image6.
6As required by the 2DFFT code, the input image file must be in the form of a text file. We use
the IRAF routine WTEXT to convert .fits images to .txt files.
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2.3.2.3 Star Subtraction
FFT image analysis is widely used for its mimicry of the human eye’s ability to pick out
symmetries and repetitions even in noisy or cluttered images. The 2DFFT code can measure pitch
angles, in spite of the presences of many non-spiral features in a galaxy’s image. An interesting
feature is that though the code models the spiral image as a superposition of spirals of different
numbers of arms and different pitch angles, it measures the correct pitch angle even for harmonic
modes where the number of spiral arms is incorrect. Thus, for a sufficiently low-noise image, it is
not even necessary to correctly infer the number of spiral arms in the galaxy in order to accurately
measure its pitch angle.
When noise is introduced, this agreement in pitch angle measurement between the different
harmonic modes is the most obvious casualty. One important source of noise is the presence of
bright foreground stars, especially when they are superimposed on the disc of the galaxy itself
(see Figure 2.3). Nevertheless, the 2-D FFT of the harmonic mode with the correct number of
arms (most commonly, m = 2) will still usually give a stable value, which seems to correspond
to the correct pitch angle even when other harmonic modes show no reliable measure. In order
to increase confidence in our pitch angle measurement, we reduce the noise by subtracting the
foreground stars. Since the IRAF ELLIPSE function does not always work when analyzing star-
subtracted images (it fails to start if light from the center of a galaxy has been removed and it cannot
locate the center), it is best to measure the ellipticity before performing star subtraction7. Often,
this results in several of the harmonic modes coming into at least rough agreement with the one
harmonic mode previously selected as the best single example. This suggests that foreground star
7We fit a Gaussian Point Spread Function to the bright stars and subtract them using the IRAF
package DAOPHOT.
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Figure 2.3 Fig. 2.3a (top) - Deprojected B-band image of IC 4538 before star subtraction. IC 4538
is measured to have PA = 50◦ and α = 39.65◦. Fig. 2.3b (bottom) - Deprojected B-band (inverted
color) image of IC 4538 after a Gaussian star subtraction was performed.
contamination is a leading source of noise in the images and that star subtraction is a useful step.
At the same time, it may not always be required for an accurate measurement. This is corroborated
by Martínez-García (2012), who finds from a study of 27 galaxies, that the presence of foreground
stars does not affect the value of pitch angle in general.
2.3.3 Image Measurement
Following pre-processing, the first step is to specify an inner and outer radius of the galactic
disc. The inner radius is the location where the spiral arms begin, i.e., where the galactic bar or
bulge terminates; the outer radius is the location where the spiral arms cease, usually the outermost
visible radius of the galaxy. Thus, an annulus is defined within which the 2DFFT code conducts
its Fourier Decomposition. We then take this previously established procedure a step further by
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automating the code to measure many annuli so the final quoted pitch angle is not determined solely
by one user-determined annulus. Our modifications and motivations behind the modifications to
the code are detailed in the following section.
2.4 Pitch Angle as a Function of Inner Radii
The greatest source of human error lies in choosing an inner radius. Whereas it is seemingly
easy for the user to visually identify the edge of the galaxy (i.e., the outer radius), it is significantly
more difficult for the user to accurately specify the cessation of the bar/bulge feature of a galaxy
(i.e., the inner radius). Furthermore, slight error in specification of the outer radius has little ill
effect, whereas slight error in specification of the inner radius may have significant effect. To
illustrate this result, consider different values in outer radii: underestimation results in the full
length of spiral arms not being measured; overestimation results in the sky being measured at the
edge of the spiral arms. Since our FFT computations are luminosity biased, sky inclusion does not
significantly affect the computations. On the other hand, consider different values in inner radii:
overestimation results in the full length of spiral arms not being measured; underestimation results
in a bright bar/bulge feature being measured in addition to spiral arms, this last case being the
worst possible scenario.
As a result of this observed sensitivity to inner radius selection, we run 2DFFT iteratively
at different inner radii. This allows the user to specify an outer radius and calculate pitch angles
for all possible inner radii within the defined outer radius. A scripting utility has been created to
calculate pitch angles at all possible inner radii, given an outer radius, for a galaxy (see Figure
2.4). Additionally, we have modified the memory allocation of the original code to allow for
24
Run 2DFFT at inner radius,
rmin = 1 and outer radius, rmax
Capture pitch angle values
for all harmonic modes
Set rmin = rmin + 1
Does rmin = rmax −1?
Stop
no
yes
Figure 2.4 Flow chart representing our iterative method for measuring pitch angle as a function of
inner radii.
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input image sizes up to 2048×2048 pixels.
The inner radius is a numerical artifact which should not affect the measurement of pitch
angle. Therefore, we seek a harmonic mode in which we find a range of inner radius over which
the measured pitch angle appears to be the most stable and consistent with the observed appearance
of the galaxy. We aim, typically, for a measurement of pitch angle with an associated error of 2◦
to 4◦. The resulting pitch angles can be plotted vs. inner radius in order to visually identify stable
pitch angle regions as a function of inner radius beyond the influence of a potential bar or oblate
bulge feature. Stable regions are selected by several criteria; the stable region must be of the same
sign (chirality) as the observed spiral arm windings in the image, it should be of the same harmonic
mode as the visually observed number of spiral arms, there must not be any erratic fluctuation in
pitch angle, and the region of stable pitch angles must be contiguous. In certain cases, the resultant
pitch angle agrees in multiple harmonic modes, therefore, selection of the harmonic mode is not
critically important. This allows us to focus on picking a stable pitch angle, even when the correct
m value is ambiguous. To understand the code’s behavior, we have conducted tests with very low
noise images, artificially created logarithmic spirals. Not surprisingly, the code finds it trivial to
measure the pitch angle of such an image. For these synthetic spirals (see Figure 2.5), the apparent
stable regions are easily perceptible. However, in real galaxies, careful image inspection and other
techniques (see §2.6 and its subsections) are sometimes required to pick out more visually elusive
stable regions amidst the range of harmonic modes available.
To be clear, our method does not avoid having to inspect each image individually. This
is a necessary and not totally undesirable requirement. Computer vision methods are currently
under development to measure galactic spiral arm pitch angle (e.g., Davis & Hayes, 2012). The
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Figure 2.5 Synthetic spirals and their corresponding pitch angles as a function of inner radius
below. The eight individual panels will be identified and discussed in the following top to bottom,
left to right fashion. Fig. 2.5a - One-armed synthetic logarithmic spiral (inverted color) with
φ = −20◦. Fig. 2.5b - Synthetic two-armed logarithmic spiral (inverted color) with a constant m = 2
pitch angle of −20◦. Fig. 2.5c - φ = −20◦ synthetic two-armed logarithmic spiral (inverted color)
with a circular bulge component added. Fig. 2.5d - φ = −20◦ synthetic two-armed logarithmic
spiral (inverted color) with a barred nuclear component added. Fig. 2.5e - Pitch angle results for
Fig. 2.5a. All harmonic modes display the correct pitch angle until ≈ 90% of the outer radius is
reached. Fig. 2.5f - Pitch angle results for Fig. 2.5b. The results for the even harmonic modes are
essentially the same and accurately measure the correct pitch angle until≈ 90% of the outer radius
is reached. Fig. 2.5g - Pitch angle results for Fig. 2.5c. The vertical line at 143 pixels represents
the radius of the circular bulge. The odd numbered harmonic modes have a systematically lower
absolute value of pitch angle, but the even harmonic modes are unchanged by the addition of a
circular bulge component. Fig. 2.5h - Pitch angle results for Fig. 2.5d. The vertical lines at 27
and 85 pixels represent the semi-minor and semi-major axes of the bar, respectively. The odd
numbered harmonic modes have systematically lower absolute values of pitch angle, just as in the
case of the circular bulge component, but the innermost inner radii demonstrate intuitively high
absolute values of pitch angle.
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human eye has proven itself as the most reliable tool for the geometric classification of galaxies
(e.g., Galaxy Zoo; Lintott et al., 2008). The human operator is required only to inspect the image
qualitatively for signs of gross error, not to re-perform any measurements quantitatively.
An unavoidable side effect of deprojection is an oblate distortion of a galaxy’s nuclear
region. Initially, a nuclear galactic bulge is considered to be spheroidal. Therefore, a perfectly
face-on galaxy (no deprojection required) with a nuclear bulge does not hinder the selection of an
inner radius. This can be seen in the case of a synthetic logarithmic spiral with a nuclear bulge
component added (see Figures 2.5c and 2.5g). Since a galaxy is deprojected according to the outer
region of the galaxy and not the inner region, the nucleus can be distorted to an oblate spheroid.
This creation of a non-spherically symmetric feature can negatively affect the calculated pitch
angle in the innermost regions of a galaxy.
The largest and likeliest source of error due to inner radii determination is when barred
galaxies are measured. Galactic bars are linear features and therefore have high pitch angles (φ'
90◦). Inclusion of a high pitch angle feature into the measurement annulus of the 2DFFT code
results in a significant overall biasing of the resulting pitch angle towards the high side. This is
always the case, because the highest practical limit for spiral arm pitch angle is significantly lower
than the pitch angle produced by a galactic bar. The effect of galactic bars are illustrated in the
example of a synthetic two-armed spiral with a bar component added (see Figures 2.5d and 2.5h).
2.5 Error Determination
The most obvious error is the variance about the mean pitch angle over the selected stable
region in inner radii. The error is found by calculating the mean and standard deviation of the
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sample of pitch angles over the selected stable region. This standard deviation of pitch angle over
the selected stable region is then weighted by the length of the stable region compared to the total
length from the innermost spiral structure to the edge of the galaxy. Based on our observation from
running synthetic logarithmic spirals through our code (see subsequent subsections), reliable pitch
angles are not measurable for inner radii selected beyond ≈ 90% of the selected outer radius. At
this point, too much information has been ignored for the code to accurately measure a pitch angle.
In addition, it is important to consider the resolution of the 2DFFT code due to a discrete
step size (see Figure 2.6). 2DFFT captures −50 ≤ p ≤ 50 values in discrete steps of 0.25 for six
harmonic modes (1 ≤ m ≤ 6). Therefore, only discrete values of pitch angle are produced by the
subsequent conversion of p→ φ. The step size of the discrete Fourier transform is the analog
of the frequency step size in One-Dimensional (1-D) discrete Fourier Transforms, the smallest
measurable frequency. This leads to a necessarily higher precision in the lower regime of pitch
angle absolute values and in the higher order harmonic modes. The quantized error of the mean
pitch angle due to the resolution of the code (see Figure 2.7) is added in quadrature to the previously
determined standard deviation of the mean pitch angle to give a total error. The final error is
therefore
Eφ =
√(
βσ/λ
)2 + 2m (2.7)
where Eφ is the total pitch angle error, m is the quantized error for the dominant harmonic mode,
σ is the standard deviation about the mean pitch angle, β is the distance (e.g., in pixels) from the
innermost stable spiral structure (i.e., beyond the influence of a bulge or bar) to 90% of the selected
outer radius of the galaxy (0.9rmax), and λ is the length (in the same units as used for β) of the stable
range of radii over which the pitch angle is averaged. Figure 2.8 serves as a good example of our
29
Figure 2.6 Every possible value of pitch angle calculable by the 2DFFT code. Pitch angles are
determined from pmax according to Equation (2.4).
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Figure 2.7 Every possible absolute value of pitch angle calculable by the 2DFFT code and their
resulting average quantized error due to the discrete step resolution. A third-ordered best fit poly-
nomial is fit to each harmonic mode (m) to interpolate error values at all points: (blue) y = −4×
10−5x3 +0.0058x2 −0.0137x+0.0234; R2 = 0.99994 for m = 1, (black) y = −2×10−5x3 +0.0029x2 −
0.0084x + 0.0222; R2 = 0.99997 for m = 2, (red) y = −1× 10−5x3 + 0.002x2 − 0.0064x + 0.0214;
R2 = 0.99998 for m = 3, (green) (y = −1× 10−5x3 + 0.0015x2 − 0.0054x+ 0.0207; R2 = 0.99998 for
m = 4, (cyan) y = −9× 10−6x3 + 0.0012x2 − 0.0046x+ 0.02; R2 = 0.99999 for m = 5, and (magenta)
y = −7×10−6x3 +0.001x2 −0.0041x+0.0191; R2 = 0.99999 for m = 6.
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Figure 2.8 C 4538 B-band pitch angle as a function of inner radius for deprojected (PA = 50◦ & α =
39.65◦) images before (left) and after (right) Gaussian star subtraction was performed. r/(D25/2)
is plotted on the secondary x-axis with D25 (major axis at the 25.0 B-mag/sq arcsec isophote) from
the Third Reference Catalogue of Bright Galaxies (RC3; de Vaucouleurs et al., 1991). Fig. 2.8a
(left) - a stable mean pitch angle of −17.52◦ is determined for the m = 3 harmonic mode from a
minimum inner radius of 36 pixels (9.32′′) to a maximum inner radius of 208 pixels (53.9′′), with
an outer radius of 258 pixels (66.8′′). This stable region of 172 pixels (44.5′′) occupies 67% of the
galactic disc. Equation (2.7) yields Eφ = 3.17◦ with λ = 172 pixels (44.5′′), β = 196 pixels (50.8′′),
σ = 2.75◦, and 3 = 0.47◦. The final determination of pitch angle is therefore −17.52◦±3.17◦. Fig.
2.8b (right) - a stable mean pitch angle of −17.98◦ is determined for the m = 4 harmonic mode from
a minimum inner radius of 9 pixels (2.33′′) to a maximum inner radius of 235 pixels (60.9′′), with
an outer radius of 264 pixels (68.4′′). This stable region of 226 pixels (58.5′′) occupies 86% of the
galactic disc. Equation (2.7) yields Eφ = 2.61◦ with λ = 226 pixels (58.5′′), β = 229 pixels (59.3′′),
σ = 2.56◦, and 4 = 0.35◦. The final determination of pitch angle is therefore −17.98◦± 2.61◦.
This result is barely different from the result without star subtraction; the main difference is the
redetermination of the dominant harmonic mode. The percent difference in mean pitch angle is
2.59% with a 17.67% reduction in error from the original.
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error determination and its subsequent reduction by the use of star subtraction.
Equation (2.7) reflects the fact that in our method, a human researcher rather than a com-
puter makes the final selection of pitch angle. That is, a balance of two main principles governs
Equation (2.7): the fluctuation across and the length of a chosen stable region of pitch angle as a
function of inner radius. Our process ensures that the error about the mean pitch angle is appropri-
ate, based on the choices made by the user. For example, an erratic “stable" region or a short stable
region will both be punished with appropriately high errors. Thus, a careful selection of stable
region is required so as not to produce substantial errors.
2.5.1 Inclination Angle and Galactic Center Position Errors
The problem of making a poor choice of inner radius was addressed by altering the code
so that it calculates a pitch angle for all possible inner radii. Other user-defined parameters have
little impact on our results, and thus do not require such measures. The most important step is
deprojection, which requires the user to measure the galaxy’s inclination angle, presuming that
the galaxy’s disc is inherently circular. Tests with a synthetic two-armed spiral with pitch angle
of −20◦ (see Figure 2.5b) demonstrate that measurement of pitch angle is correct for any even
number of arms and for inner radii up to ≈ 90% of the outer radius (see Figure 2.5f). For a one-
armed synthetic spiral, all harmonic modes are in agreement (see Figure 2.5e).
When the synthetic two-armed spiral (see Figure 2.5b) is shrunk along one axis incremen-
tally to simulate an increasingly inaccurate deprojection, the results show that there is still a stable
region of inner radii with the correct measure of pitch angle (see Figure 2.9a). Similarly with a
real two-armed galaxy, NGC 5247 (see Figure 2.10b), it is of interest that an incorrect choice of
inclination angle merely causes a gradual reduction in the length of the stable region over which
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Figure 2.9 Inclination angle tests on pitch angle output for a synthetic two-armed logarithmic
spiral (left) and a real two-armed galaxy (right). Fig. 2.9a (left) - Pitch angle results for different
errors in inclination angle for the synthetic two-armed spiral in Fig. 2.5b. Even at a high degree
of simulated inclination angle error, the mean pitch angles remain approximately the same despite
a gradually shrinking stable region across inner radii. Fig. 2.9b (right) - Real two-armed galaxy
inclination test using NGC 5247 (see Fig. 2.10b). Three angles of inclination are tested: Original -
the galaxy before deprojection, SExtractor - incorporates the deprojection according to SExtractor
(PA = 30.4◦; α = 36.97◦), and IRAF - incorporates the deprojection according to IRAF (PA =
38.71◦; α = 25.18◦). Pitch angle results over their respective stable regions are within each other’s
error bars. I-band pitch angle results are - Original: −37.6◦±5.69◦, SExtractor: −35.62◦±10.96◦,
and IRAF: −36.16◦±9.25◦.
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Figure 2.10 Fig. 2.10a (left) - Deprojected (PA = 160◦ & α = 53.84◦) B-band (inverted color)
image of NGC 5054. Fig. 2.10b (right) - Deprojected (PA = 20◦ & α = 28.36◦) B-band (inverted
color) image of NGC 5247.
the selected inner radii yield the correct pitch angle (see Figure 2.9b). Thus, deprojection is still
an important step, but is unlikely to be a significant source of error when using the script, which
calculates pitch angle for a wide variety of possible inner radii.
Similarly, when choosing the center of the galaxy image, tests with a synthetic two-armed
spiral (see Figure 2.5b) and a real two-armed galaxy (NGC 5247, see Figure 2.10b) suggest that
incremental errors in centering only gradually reduce the stable region without affecting the actual
measure of pitch angle (provided the stable region of roughly constant pitch angle remains lengthy
enough to be found, see Figure 2.11). Overall, these tests are a testament to the robustness of the
2DFFT algorithm.
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Figure 2.11 Center error tests on pitch angle for a synthetic two-armed logarithmic spiral (left)
and a real two-armed galaxy (right). Errors of 10, 20, 30, 40, and 50 pixels from the previously
determined center are used for both. Fig. 2.11a (left) - Pitch angle results for different errors in
center determination for the synthetic two-armed spiral in Fig. 2.5b. As the error increases, the
stable region gradually decreases, yet the approximate mean pitch angle remains about the same.
Fig. 2.11b (right) - Real two-armed galaxy center test using a B-band image of NGC 5247 (see
Fig. 2.10b) after deprojection (PA = 38.71◦ & α = 25.18◦) was performed. The same case is true
for the real galaxy image; the mean pitch angle remains constant despite a decreasing stable region
with increasing error.
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2.5.2 Bulges and Bars
Our synthetic two-armed spiral was also used to study the effects of circular bulges and bars
in galactic nuclei on pitch angle measurements. When a circular bulge component is added to the
synthetic two-armed spiral (see Figure 2.5c), the even numbered harmonic modes are unaffected,
whereas the odd harmonic modes are systematically different with the lower harmonic modes being
the worst (see Figure 2.5g). In contrast, when a bar component is added to the synthetic two-armed
spiral (see Figure 2.5d), the resulting value of the measured pitch angle is significantly increased at
inner radii, with the correct pitch angle value returning after the inner radius is beyond the extent of
the bar (see Figure 2.5h). As an example, NGC 1365 (see Figure 2.12) displays a similar bar to the
two-armed synthetic spiral with a bar added. These results confirm that circular bulges should not
affect pitch angle, whereas the barred geometry can significantly bias pitch angle measurements
towards higher values. We are therefore confident in the necessity of our efforts to systematically
exclude barred nuclei from the pitch angle measurement annulus.
2.5.3 Problems with Underlying Presumptions
So far we have presumed that the pitch angle of a logarithmic spiral is a meaningful quantity
to measure in images of disc galaxies. Certainly there are very many disc galaxies for which
logarithmic spiral patterns are the most obvious feature of the disc, as the human eye perceives
it. Nevertheless, two important objections might be made concerning the measurement of pitch
angles as a useful characteristic of galaxies. One is that the pitch angle may be different for the
same galaxy when viewed at different wavelengths. The other is that the pitch angle might vary
with the radius of the disc, in other words that the spiral is not truly logarithmic.
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Figure 2.12 Fig. 2.12a (left) - Star-subtracted and deprojected B-band (inverted color) image of
NGC 1365: PA = 32◦ and α = 56.63◦. Fig. 2.12b (right) - Pitch angle as a function of inner radius
for NGC 1365. A stable mean pitch angle of −34.81◦ is determined for the m = 2 harmonic mode
from a minimum inner radius of 451 pixels (117′′) to a maximum inner radius of 812 pixels (210′′),
with an outer radius of 938 pixels (243′′). This stretch of 361 pixels (93.5′′) occupies 38% of the
galactic disc. Equation (2.7) yields Eφ = 2.80◦ with λ = 377 pixels (97.6′′), β = 462 pixels (120′′),
σ = 1.17◦, and 2 = 2.40◦. The final determination of pitch angle is therefore −34.81◦±2.80◦. This
galaxy demonstrates a large bar, approximately 34% of its outer radius. The absolute value of the
pitch angle can be seen to gradually decrease from φ = −82.87◦ at an inner radius of 105 pixels
(27.2′′) until φ = −36.03◦ at an inner radius of 435 pixels (113′′), signaling the end of the bar.
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2.5.3.1 The Effect of Wavelength on Pitch Angle
It is important to consider the possibility of different pitch angles arising in different wave-
bands of light and what physical processes that might imply. For instance, optical B-band images
tend to trace the bright massive star forming regions of a galaxy and near-infrared (NIR) images
tend to trace the old stellar populations in galaxies (Seigar & James, 1998; Eskridge et al., 2002).
The old stellar population traces the spiral density wave (Seigar & James, 1998). Furthermore, a
spiral that appears flocculent in the B-band may appear to have a weak grand design spiral in the
near-infrared (Thornley, 1996).
Kendall et al. (2011) used a 1-D FFT analysis on optical and NIR images of grand de-
sign spiral galaxies to measure their m = 2 pitch angles and concluded that a good correlation
exists between galaxies being grand design in the infrared and in the optical. Seigar et al. (2006)
demonstrates that a 1:1 relation exists between the B and NIR band pitch angles for a sample of
66 galaxies from a combination of the CGS (Ho et al., 2011) and the Ohio State University Bright
Spiral Galaxy Survey (OSUBSGS; Eskridge et al., 2002). Alternatively, Grosbol & Patsis (1998)
propose a contrary view. They find a systematic trend of arms being tighter in bluer colors by
investigating five galaxies in B, V, I, and K′ filters. Admittedly, two of their five galaxies are tight
spirals for which little or no change in pitch angle is observed, but it seems that more work with
multiple filters is required.
Using our method, we have remeasured a subset of 47 of the galaxies appearing in Seigar
et al. (2006, they used an earlier version of this method) and have also identified a seemingly 1:1
relation (see Figure 2.13 and Table 2.1). Therefore, despite seemingly small-scale differences be-
tween spiral arms in different wavelengths of the optical-NIR spectrum, the overall structure of
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Figure 2.13 Pitch angles for 47 spiral galaxies in both blue (B) and infrared (I) wavebands. The
solid black line represents a 1:1 ratio. The dashed blue line is a best-fit line, which is consistent
with a 1:1 ratio within errors.
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the spiral arms, and thus the proposed density wave, is consistent across the optical-NIR spectrum.
This is in opposition to the prediction of the density wave theory that different pitch angles are
expected for spirals when observed in different bands (Hozumi, 2003). Although, the expected
difference in pitch angle across wavelength is probably small enough that an extremely high pre-
cision fit would be necessary to falsify this prediction of density wave theory.
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Table 2.1. Pitch Angle/Wavelength Comparison
B-band I-band
Galaxy Name Morphology α (deg.) m φ (deg.) m φ (deg.)
ESO 121-026 SB(rs)bc 50.95 2 10.06±1.30 3 11.24±3.05
ESO 582-012 SAB(rs)c 50.21 2 21.45±2.32 2 23.54±3.54
IC 2522 SB(s)c pec 44.77 3 −26.73±4.69 5 −31.70±5.15
IC 2537 SAB(rs)c 49.46 4 27.37±3.84 4 34.11±2.51
IC 3253 SA(s)c: 67.05 4 −17.53±0.93 4 −13.50±3.03
IC 4538 SAB(s)c: 39.65 4 −17.98±2.61 3 −18.49±5.20
IC 4831a (R’)SA(s)ab 77.47 2 −22.93±2.41 2 −16.07±1.46
NGC 150 SB(rs)b: 60.00 2 14.29±4.26 1 23.15±7.21
NGC 157 SAB(rs)bc 50.21 3 8.66±0.89 3 9.32±1.02
NGC 289 SB(rs)bc 44.77 5 19.71±1.95 3 12.29±1.36
NGC 578 SAB(rs)c 50.95 3 16.51±1.88 2 24.24±20.11
NGC 613 SB(rs)bc 40.54 3 21.57±1.77 3 21.50±2.06
NGC 908 SA(s)c 64.53 3 15.26±2.61 2 32.12±5.01
NGC 1187 SB(r)c 41.41 4 −21.96±3.61 4 −21.55±2.54
NGC 1232 SAB(rs)c 28.36 3 −25.71±5.43 6 −31.51±6.03
NGC 1292 SA(s)c 64.53 3 −15.89±2.30 3 −16.34±5.75
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Table 2.1 (cont’d)
B-band I-band
Galaxy Name Morphology α (deg.) m φ (deg.) m φ (deg.)
NGC 1337a SA(s)cd 77.41 2 −16.53±2.40 3 −19.58±2.45
NGC 1353 SB(rs)b: 65.80 4 13.68±2.31 4 13.21±1.65
NGC 1365 SB(s)b 56.63 2 −34.81±2.80 2 −35.94±4.31
NGC 1559 SB(s)cd 55.25 2 −26.61±9.69 2 −23.87±2.87
NGC 1566 SAB(s)bc 36.87 2 −17.81±3.67 2 −35.73±5.10
NGC 1792 SA(rs)bc 60.00 3 −20.86±3.79 3 −20.45±3.20
NGC 1964 SAB(s)b 67.67 2 −12.86±3.49 2 −7.85±14.61
NGC 2082 SB(r)b 19.95 3 23.05±7.90 3 16.91±3.31
NGC 2090 SA(rs)c 60.00 4 4.91±0.56 4 5.19±0.60
NGC 2280 SA(s)cd 60.66 4 21.47±2.87 2 13.98±2.02
NGC 2835 SB(rs)c 47.93 3 −23.97±2.22 3 −27.17±2.68
NGC 2935 (R′)SAB(s)b 38.74 2 −15.24±4.72 2 −13.82±5.32
NGC 3052 SAB(r)c: 49.46 3 −18.45±1.59 2 −21.41±3.46
NGC 3054 SAB(r)b 52.41 3 12.80±1.77 3 10.56±1.55
NGC 3223 SA(s)b 52.41 4 −10.92±2.17 6 −27.79±4.79
NGC 3261 SB(rs)b 40.54 6 15.38±0.71 6 15.09±0.78
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Table 2.1 (cont’d)
B-band I-band
Galaxy Name Morphology α (deg.) m φ (deg.) m φ (deg.)
NGC 3318 SAB(rs)b 57.32 3 35.58±5.53 3 17.85±4.89
NGC 3450 SB(r)b 28.36 6 −13.55±0.31 2 −18.57±5.48
NGC 3513 SB(rs)c 37.81 1 5.84±1.46 1 6.26±1.57
NGC 3887 SB(r)bc 40.54 4 −29.16±4.82 4 −23.40±4.08
NGC 4027 SB(s)dm 41.41 1 −12.06±5.47 1 −10.58±3.01
NGC 4030 SA(s)bc 44.77 3 23.48±5.76 3 22.60±6.52
NGC 4050 SB(r)ab 47.16 1 −6.32±1.90 1 −6.85±1.63
NGC 4930 SB(rs)b 34.92 3 30.29±3.45 6 38.86±2.24
NGC 4939 SA(s)bc 59.34 6 11.48±1.71 6 13.95±2.41
NGC 4995 SAB(rs)b 50.21 2 13.00±2.88 6 9.27±0.32
NGC 5054 SA(s)bc 53.84 3 −25.57±3.72 3 −55.33±9.07
NGC 5247 SA(s)bc 25.18 2 −31.94±5.75 2 −36.16±9.25
NGC 5483 SA(s)c 23.07 2 −22.98±4.52 2 −22.31±8.12
NGC 5967 SAB(rs)c: 53.84 3 18.26±2.05 3 25.42±3.60
NGC 6215 SA(s)c 30.68 4 −27.43±5.85 4 −26.34±5.95
NGC 6221 SB(s)c 44.77 6 −27.18±2.14 6 −27.41±3.19
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Table 2.1 (cont’d)
B-band I-band
Galaxy Name Morphology α (deg.) m φ (deg.) m φ (deg.)
NGC 6300 SB(rs)b 47.93 4 −16.58±1.52 4 −16.61±6.19
Note. — Col. (1) galaxy name; col. (2) morphological type from the RC3 (de Vau-
couleurs et al., 1991); col. (3) inclination angle; col. (4) B-band dominant harmonic
mode; col. (5) B-band pitch angle; col. (6) I-band dominant harmonic mode; and col. (7)
I-band pitch angle.
aNot in Seigar et al. (2006) or plotted in Figure 2.13.
From our experience, we have become accustomed to preferring B-band images in general
due to their characteristic clarity of galactic stellar components. However, our comparison of pitch
angles in different wavebands has convinced us that we can typically measure pitch angle across a
wide range of electromagnetic wavelengths. In that regard, we have successfully measured pitch
angles of galaxies in the extreme cases of far-ultraviolet and 21 cm radio wavelength images when
no other imaging data was available.
2.5.3.2 Variable Pitch Angle with Galactic Radius
Occasionally, spiral arms may appear to change pitch angle in the outer region of the disc,
sometimes discontinuously. These are more the exception than the rule and we have generally
preferred to measure the inner part of the disc in such cases or use more elaborate processing
methods (see §2.6.1) to mitigate the severity of pitch angle variability. Considering the case where
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a dichotomy exists between the pitch angles measured in the inner and outer regions of a galactic
disc, the code can be made to run iteratively for two separate regions of the galaxy and average
the results to yield an average pitch angle for the disc. However, if the pitch angle results are
subsequently used for building relationships to processes in the nucleus of a galaxy (e.g., Seigar
et al., 2008), pitch angles for the innermost portion of a galaxy perhaps make the most physical
sense and are furthermore not as susceptible to extragalactic interaction. It is also likely that the
entire extent of a galaxy might not display logarithmic spirals. If so, our stable regions are selected
to only highlight clearly logarithmic sections of spiral arms.
To illustrate the case of measuring pitch angles of interacting galaxies, we have selected
perhaps the most famous case of interacting galaxies, M51 (see Figure 2.14a). M51 consists of
M51a (NGC 5194) and its companion dwarf galaxy M51b (NGC 5195). Due to M51a’s clear
interaction with M51b, its well-defined spiral structure is seen to depart from regularity close to
the companion. For this case, our typical method of measuring pitch angle across the entirety of the
galactic disc knowingly samples the outer 40% of the galaxy, which is clearly seen to be disrupted
(see Figure 2.14b). Just as in the case of iterative determination of pitch angle as a function of
inner radius to omit interior regions, by alternatively selecting an outer radius interior to disrupted
outer regions, we can confine our measurements to only the stable portions of M51a (see Figure
2.14c) and other similar galaxies.
2.5.3.3 Flocculence
Concerning the measurement of pitch angle of different types of spiral galaxies, flocculent
spirals provide perhaps the biggest challenge. From our experience with flocculent galaxies, we
find that our code most often finds them to have high-valued harmonic modes. Their characteristics
46
Figure 2.14 Fig. 2.14a (left) - Deprojected (PA = −154.1◦ & α = 19.09◦) B-band (inverted color)
image of M51 (M51a and its dwarf companion galaxy M51b) acquired from NED (imaging from
KPNO 2.1 m CFIM with a pixel scale of 0.305′′ pixel−1). Fig. 2.14b (middle) - A stable mean pitch
angle of 19.13◦ is determined for the m = 2 harmonic mode from a minimum inner radius of 54
pixels (16.5′′) to a maximum inner radius of 229 pixels (69.8′′), with an outer radius of 653 pixels
(199′′). This stretch of 175 pixels (53.4′′) occupies 27% of the galactic disc. Equation (2.7) yields
Eφ = 4.76◦ with λ = 175 pixels (53.4′′), β = 534 pixels (163′′), σ = 1.54◦, and 2 = 0.78◦. The final
determination of pitch angle is therefore 19.13◦±4.76◦. Due to the interaction with its companion
galaxy, M51a shows a significant departure from a constant pitch angle in the outer regions of the
galaxy. This is seen in Fig. 2.14a and at the noticeable sign change in this plot at an inner radius
of 389 pixels (119′′). Fig. 2.14c (right) - A stable mean pitch angle of 16.26◦ is determined for
the m = 2 harmonic mode from a minimum inner radius of 54 pixels (16.5′′) to a maximum inner
radius of 276 pixels (84.2′′), with an outer radius of 389 pixels (119′′). This stretch of 222 pixels
(67.7′′) occupies 57% of the measurement annulus. Equation (2.7) yields Eφ = 3.20◦ with λ = 222
pixels (67.7′′), β = 296 pixels (90.3′′), σ = 2.36◦, and 2 = 0.57◦. The final determination of pitch
angle is therefore 16.26◦±3.20◦. This alternate pitch angle measurement isolates the inner portion
of the galaxy out to the clear break from constant pitch angle seen in Fig.2.14b. As a result, the
unstable outer portion of the galaxy has been ignored and a more accurate pitch angle has been
determined for the purer inner structure of this interacting galaxy.
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Figure 2.15 Pitch angles (left) and their associated errors (right) sorted into their respective arm
classes (classes 10 and 11 are no longer in use). Fig. 2.15a (left) - Pitch angles (black crosses)
arranged into their arm classes with binned averages (red squares connected by red line segments).
No clear trend is recognizable between pitch angle and arm class. Fig. 2.15b (right) - Pitch angle
errors (black crosses) arranged into their arm classes with binned averages (red squares connected
by red line segments). No clear trend is recognizable between pitch angle errors and arm class.
can range from fragmented arms at best to chaos at worst. Elmegreen & Elmegreen (1987) defined
a system of arm classes and descriptions to categorize spirals into categories with varying degrees
of flocculence. They defined 12 arm classes (classes 10 and 11 are no longer in use) with 12 having
the most orderly spiral structure and 1 the least. Galaxies with arm classes 1-4 are considered
flocculent, and those with arm classes 5-12 are grand design.
We have subsequently ascertained the arm classes (based on blue images from the Palomar
Observatory Sky Survey) given by Elmegreen & Elmegreen (1987) for the galaxies we have mea-
sured for this paper and listed all available arm classes in Table 2.2. We have also created two plots
(see Figure 2.15) of pitch angle absolute value vs. arm class (see Figure 2.15a) and pitch angle
error vs. arm class (see Figure 2.15a) in order to investigate possible dependencies on arm classes.
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No clear relationship can be found from either plot, thus measurement of flocculent spirals do not
appear to be inherently less precise than grand design spirals. However, our method of measuring
pitch angle is very much dependent on the visual inspection conducted by the user. When initially
inspecting images of possible candidate spiral galaxies for subsequent pitch angle measurement, it
is more natural to be drawn to grand design spirals. This selection bias can be seen in selection of
our sample for this paper without prior knowledge of their arm classes. Of the 48 galaxies listed in
Table 2.2, only 8 galaxies are classified as being flocculent, with the remaining galaxies all clas-
sified as being grand design spirals. It is our practice to only attempt pitch angle measurement
on galaxies that display convincing evidence of definable spiral structure from image inspection.
From our study of the CGS sample thus far, we have been able to convincingly measure pitch
angles for 62% of the spiral galaxies we have examined; 17% of the galaxies were rejected due
to their high angle of inclination and the remaining 21% were omitted due to a lack of discernible
spiral structure (of this 21%, among those with arm classifications from Elmegreen & Elmegreen
(1987), 60% were classified as flocculent).
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Table 2.2. Pitch Angles and Arm Classes
Galaxy Name Morphology m φ (deg.) Band Source Arm Class
IC 2522 SB(rs)bc 3 −26.73±4.69 B 1 5
IC 2537 SAB(rs)c 4 27.37±3.84 B 1 2
M51a SA(s)bc pec 2 16.26±2.36 B 3 12
NGC 45 SA(s)dm 3 −32.13±3.85 B 1 1
NGC 150 SB(rs)b: 2 14.29±4.26 B 1 12
NGC 157 SAB(rs)bc 3 8.66±0.89 B 1 12
NGC 210 SAB(s)b 2 −15.81±3.25 B 1 6
NGC 289 SB(rs)bc 5 19.71±1.95 B 1 12
NGC 578 SAB(rs)c 3 16.51±1.88 B 1 9
NGC 598 SA(s)cd 2 −33.90±5.72 645.0 nma 2 5
NGC 613 SB(rs)bc 3 21.57±1.77 B 1 9
NGC 895 SA(s)cd 2 −38.50±4.77 I 1 9
NGC 908 SA(s)c 3 15.26±2.61 B 1 9
NGC 1042 SAB(rs)cd 4 39.50±4.48 R 1 9
NGC 1097b SB(s)b 2 15.80±3.62 I 1 12
NGC 1187 SB(r)c 4 −21.96±3.61 B 1 9
NGC 1232 SAB(rs)c 3 −25.71±5.43 B 1 9
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Table 2.2 (cont’d)
Galaxy Name Morphology m φ (deg.) Band Source Arm Class
NGC 1292 SA(s)c 3 −15.89±2.30 B 1 3
NGC 1300 SB(rs)bc 2 −12.71±1.99 B 1 12
NGC 1365 SB(s)b 2 −34.81±2.80 B 1 12
NGC 1398 (R′)SB(r)ab 4 19.61±3.07 V 1 6
NGC 1566 SAB(s)bc 2 −17.81±3.67 B 1 12
NGC 1792 SA(rs)bc 3 −20.86±3.79 B 1 3
NGC 1964 SAB(s)b 2 −12.86±3.49 B 1 9
NGC 2280 SA(s)cd 4 21.47±2.87 B 1 9
NGC 2442 SAB(s)bc pec 2 14.95±4.20 V 1 7
NGC 2835 SB(rs)c 3 −23.97±2.22 B 1 9
NGC 2935 (R′)SAB(s)b 2 −15.24±4.72 B 1 8
NGC 3052 SAB(r)c: 3 −18.45±1.59 B 1 9
NGC 3054 SAB(r)b 3 12.80±1.77 B 1 9
NGC 3450 SB(r)b 6 −13.55±0.31 B 1 9
NGC 3513 SB(rs)c 1 5.84±1.46 B 1 12
NGC 3783 (R′)SB(r)ab 2 10.71±0.64 B 1 9
NGC 3887 SB(r)bc 4 −29.16±4.82 B 1 2
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Table 2.2 (cont’d)
Galaxy Name Morphology m φ (deg.) Band Source Arm Class
NGC 3938 SA(s)c 4 −22.37±7.21 B 3 9
NGC 4027 SB(s)dm 1 −12.06±5.47 B 1 4
NGC 4030 SA(s)bc 3 23.48±5.76 B 1 9
NGC 4050 SB(r)ab 1 −6.32±1.90 B 1 5
NGC 4321 SAB(s)bc 5 21.81±3.57 R 3 12
NGC 4939 SA(s)bc 6 11.48±1.71 B 1 12
NGC 4995 SAB(rs)b 2 13.00±2.88 B 1 6
NGC 5054 SA(s)bc 3 −25.57±3.72 B 1 5
NGC 5085 SA(s)c 2 −11.32±1.77 468.0 nmc 4 2
NGC 5236 SAB(s)c 6 −16.04±1.74 B 1 9
NGC 5247 SA(s)bc 2 −31.94±5.75 B 1 9
NGC 5861 SAB(rs)c 2 −14.91±0.83 V 1 12
NGC 6215 SA(s)c 4 −27.43±5.85 B 1 12
NGC 6300 SB(rs)b 4 −16.58±1.52 B 1 6
NGC 7793 SA(s)d 2 13.91±4.40 B 1 2
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Table 2.2 (cont’d)
Galaxy Name Morphology m φ (deg.) Band Source Arm Class
Note. — Col. (1) galaxy name; col. (2) morphological type from the
RC3 (de Vaucouleurs et al., 1991); col. (3) dominant harmonic mode; col.
(4) pitch angle; col. (5) waveband/wavelength; col. (6) telescope/survey
imaging source; and col. (7) arm class from Elmegreen & Elmegreen (1987).
Source (1) CGS; source (2) Palomar 48 inch Schmidt; source (3) KPNO 2.1
m CFIM; and source (4) UK 48 inch Schmidt.
a103aE emulsion.
bIn addition to spiral arms in the disc of the galaxy, NGC 1097 displays
rare m = 2 nuclear spiral arms in the bulge. These arms display an opposite
chirality to the disc arms with φ = −30.60◦±2.68◦.
cIIIaJ emulsion.
2.6 Image Analysis
The sign of the pitch angle and the number of harmonic modes are very important for
correct image analysis. As the pitch angle is calculated over all possible values of inner radii
for a galaxy, it is not uncommon for pitch angle to vary drastically in different harmonic modes.
Different harmonic modes will have different signs of pitch angle and even across one harmonic
mode, sign changes may occur. The most apparent feature to the human eye, for discernible spiral
arms, is the chirality of the spiral arms. As a result, harmonic modes that favor opposing chirality
can immediately be ruled out after a quick visual inspection of the image.
For galaxies with visually distinctive spiral arms, it is simple enough to count the number
of spiral arms by eye and adopt that number of arms as the correct harmonic mode. However, in
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Figure 2.16 Fig. 2.16a (left) - Star-subtracted and deprojected (PA = 160◦ & α = 53.84◦) B-band
(inverted color) image of NGC 5054 (see Fig. 2.10a), overlaid with the contours of the Inverse 2-D
FFT for the m = 3 harmonic mode (in red) conducted with an inner radius of 160 pixels (41.4′′)
and an outer radius of 508 pixels (132′′). The contours are the real part of the complex spatial
function of Equation (2.9) with m = 3. The contours illustrate the different levels of amplitude for
the m = 3 harmonic mode. The Inverse 2-D FFT displays a single value pitch angle of −40.60◦ (as
shown in Fig. 2.1b). However, the pitch angle can be seen to tighten (decrease) as the inner radius
increases. Fig. 2.16b (right) - Plot of the amplitude of pmax as a function of inner radius for NGC
5054, indicating the m = 3 component as the dominant harmonic mode for the galaxy. The m = 3
harmonic mode is dominant from an inner radius of 77 to 456 pixels (19.9′′ to 118′′), constituting
about 75% of the galaxy’s radius.
flocculent galaxies or galaxies with galactic arm spurs, it maybe necessary to adopt other methods
in selecting the correct harmonic mode. Typically, the harmonic mode with the largest region of
stable pitch angle across inner radii is the most valuable for our purposes. Nonetheless, other
aspects of the code can lend a hand in identifying the dominant harmonic mode. The easiest
method is by plotting the amplitude of pmax as a function of inner radius. This will help identify
the harmonic mode with the strongest amplitude over the largest radial range of the galaxy. For
NGC 5054 (see Figure 2.16b), the m = 3 harmonic mode is dominant (Block et al., 1999) over the
outer 84.8% of the galaxy’s radius. In many cases, several harmonic modes agree reasonably well
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as to the pitch angle. In addition, producing an image of the Inverse FFT of a harmonic mode can
help visually identify the “correct" harmonic mode (see §2.6.2).
2.6.1 Symmetrical Component Significance
It is a likely possibility that all of the arms of a spiral galaxy, especially galaxies with
multiple arms, might not be perfectly symmetric. This could be the result of tidal disruption, galaxy
harassment, etc. Whatever the reason, slight imperfections should be handled by the robustness of
the FFT. A common trend among galaxies we have analyzed is that some galaxies exhibit spiral
arms which gradually tighten, or decrease in absolute value of pitch angle, toward the outer regions
of the galaxy (see Figures 2.10a and 2.17a). For galaxies with drastically asymmetric spiral arms
or arms which demonstrate variable pitch angle, we use the method of Elmegreen et al. (1992)
to isolate the symmetrical component of a galaxy (see Figure 2.18) and then we perform a pitch
angle determination on the symmetrical component (see Figures 2.17b and 2.19b). Symmetric
parts of galaxies are illustrated by making images from successive rotations and subtractions. The
procedure of Elmegreen et al. (1992) is
Sm(r,θ) = (m−1)F(r,θ)−
m−1∑
j=1
[F(r,θ)−F(r,θ −
2 jpi
m
)]T (2.8)
where for m ≥ 2, Sm is the image displaying the m-fold symmetric part of a galaxy made from
the original image F , and the subscript T stands for truncation, meaning that pixels with negative
intensities are set to zero. For the case of a two-armed spiral galaxy, the S2 image consists of
all bright features in the original image that have equally bright features diametrically across the
galaxy. This procedure highlights symmetric emission, such as spiral arm spurs, star formation
regions, etc., but it introduces spurious absorption features. For example, if there is a dust lane
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Figure 2.17 Fig. 2.17a (left) - B-band pitch angle as a function of inner radius for NGC 5054, after
star subtraction and deprojection (PA = 160◦ & α = 53.84◦) were performed (see Fig. 2.10a). A
stable mean pitch angle is difficult to define since the pitch angle is seen to continually decrease
from an inner radius of about 200 to one of about 425. A rough mean pitch angle of −24.52◦ (a
significant departure from the single value, non-iterative measurement of −40.60◦, see Fig. 2.1b)
is determined for the m = 3 harmonic mode from a minimum inner radius of 123 pixels (31.9′′) to a
maximum inner radius of 434 pixels (112′′), with an outer radius of 508 pixels (132′′). This stretch
of 311 pixels (80.5′′) occupies 61% of the galactic disc. This measurement has a significant error
due to the unstable pitch angle. Equation (2.7) yields Eφ = 12.84◦ with λ = 311 pixels (80.5′′), β =
334 pixels (86.5′′), σ = 11.92◦, and 3 = 0.92◦. The final determination of pitch angle is therefore
−24.52◦± 12.84◦. Fig. 2.17b (right) - For the pure symmetrical component of NGC 5054 (see
Fig. 2.18a), the B-band pitch angle (same deprojection parameters as Fig. 2.17a) as a function of
inner radius is far more stable. A stable mean pitch angle of −25.57◦ is determined for the m = 3
harmonic mode from a minimum inner radius of 91 pixels (23.6′′) to a maximum inner radius of
253 pixels (65.5′′), with an outer radius of 593 pixels (154′′). This stretch of 162 pixels (42.0′′)
occupies 27% of the galactic disc. Equation (2.7) yields Eφ = 3.72◦ with λ = 162 pixels (42.0′′),
β = 443 pixels (115′′), σ = 1.31◦, and 2 = 1.00◦. The final determination of pitch angle is therefore
−25.57◦± 3.72◦, a percent difference of 4.19% in mean pitch angle with a 72.03% reduction in
error from the original.
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Figure 2.18 Fig. 2.18a (left) - m = 3 symmetrical component (inverted color and with the same
deprojection parameters as Fig. 2.10a) of NGC 5054 (see Fig. 2.10a). Fig. 2.18b (right) - m = 2
symmetrical component (inverted color and with the same deprojection parameters as Fig. 2.10b)
of NGC 5247 (see Fig. 2.10b).
in only one arm, then only the bright part of that arm will appear in both arms of the S2 image;
this gives the false impression that there is a dust lane in the other arm also. This method appears
to decrease our error estimates when performed. For galaxies with apparent initial symmetry,
the mean pitch angle is not changed significantly; e.g., NGC 5247 (see Figure 2.19), the percent
difference in mean pitch angle is 10.48% with essentially the same error. This tool seems most
useful for galaxies that display variable pitch angle (see Figure 2.17). Error estimates can be
reduced drastically for these cases; e.g., NGC 5054, for which the percent difference in mean pitch
angle is 4.19% with a 72.03% decrease in error. Moreover, this process can act as an effective
substitute for star subtraction.
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Figure 2.19 Fig. 2.19a (left) - B-band pitch angle as a function of inner radius for NGC 5247
after deprojection (PA = 20◦ & α = 28.36◦) was performed (see Fig. 2.10b). A stable mean pitch
angle of −28.76◦ is determined for the m = 2 harmonic mode from a minimum inner radius of 1
pixel (0.259′′) to a maximum inner radius of 331 pixels (85.7′′), with an outer radius of 565 pixels
(146′′). This stretch of 330 pixels (85.5′′) occupies 58% of the galactic disc. Equation (2.7) yields
Eφ = 5.73◦ with λ = 330 pixels (85.5′′), β = 508 pixels (132′′), σ = 3.56◦, and 2 = 1.70◦. The
final determination of pitch angle is therefore −28.76◦± 5.73◦. Fig. 2.19b (right) - For the pure
symmetrical component of NGC 5247 (see Fig. 2.18b), a stable mean B-band pitch angle (same
deprojection parameters as Fig. 2.19a) of −31.94◦ is determined for the m = 2 harmonic mode
from a minimum inner radius of 9 pixels (2.33′′) to a maximum inner radius of 235 pixels (60.9′′),
with an outer radius of 486 pixels (126′′). This stretch of 226 pixels (58.5′′) occupies 47% of the
galactic disc. Equation (2.7) yields Eφ = 5.75◦ with λ = 226 pixels (58.5′′), β = 428 pixels (111′′),
σ = 2.83◦, and 2 = 2.06◦. The final determination of pitch angle is therefore −31.94◦± 5.75◦, a
percent difference of 10.48% in mean pitch angle with essentially the same error as the original. As
a characteristic example, NGC 5247 displays a similar pattern of agreement among even harmonic
modes as the two-armed synthetic spiral with an added symmetrical bulge component (see Figure
2.5g).
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2.6.2 Two-Dimensional Inverse Fast Fourier Transform
One of the most powerful tools provided by 2DFFT is the ability to run an Inverse FFT.
After having deprojected the images and identified the dominant harmonic modes, we can calculate
the inverse of the transforms according to Seigar et al. (2005). The inverse transform can be written
as
S(u,θ) =
∑
m
Sm(u)eimθ (2.9)
where
Sm(u) =
D
e2u4pi2
∫ p+
p−
Gm(p)A(p,m)eipud p. (2.10)
Gm(p) is a high-frequency filter used by Puerari & Dottori (1992). For the logarithmic spiral
governed by Equation (2.4), it has the form
Gm(p) = e−
1
2 (
p−pmax
25 )
2
. (2.11)
This filter is also used to smooth the A(p,m) spectra at the interval ends (p− = −50 and p+ = 50
with d p = 0.25) (Puerari & Dottori, 1992). Equation (2.9) is designed as such, to allow the user
to create an inverse transform for a selected number of harmonic components. For example, the
inverse transform can be calculated for one component, e.g., m = 2, or any number of components
can be combined to yield a composite result, e.g., m = 2,3,& 4.
Once an Inverse FFT is created, it can be directly compared to the deprojected image of the
galaxy, allowing us to effectively observe what the code is seeing. Figure 2.16a and Figure 2.20
show images of spiral galaxies overlaid with contours representing the results of Inverse FFTs of
the same galaxy. The contours are the real part of the complex spatial function of Equation (2.9).
The use of these images to analyze a galaxy can lead to more confident determination of pitch
angle.
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Figure 2.20 Fig. 2.20a (left) - Deprojected (PA = 50◦ & α = 39.65◦) B-band inverse image of
IC 4538, before star subtraction, overlaid with the contours of the Inverse FFT for the m = 3
harmonic mode (in red), conducted with an inner radius of 54 pixels (14.0′′) and an outer radius of
258 pixels (66.8′′), demonstrating a pitch angle of −19.98◦. The contours are the real part of the
complex spatial function of Equation (2.9) with m = 3. The contours illustrate the different levels
of amplitude for the m = 3 harmonic mode. The overlaid Inverse FFT tends to track the bright
foreground stars. Fig. 2.20b (right) - Star-subtracted and deprojected (with the same parameters
as Fig. 2.20a) B-band inverse image of IC 4538, overlaid with the contours of the Inverse FFT for
the m = 4 harmonic mode (in red), conducted with an inner radius of 54 pixels (14.0′′) and an outer
radius of 264 pixels (68.4′′), demonstrating a pitch angle of −15.42◦. The contours are the real part
of the complex spatial function of Equation (2.9) with m = 4. The contours illustrate the different
levels of amplitude for the m = 4 harmonic mode. In the absence of bright foreground stars, all
four visible arms of the galaxy are tracked by the Inverse FFT overlay.
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2.7 Discussion and Future Work
Our modified version of 2DFFT is a powerful tool for accurately measuring galactic spiral
arm pitch angle. Our software, combined with careful image and data inspection, comparative
pitch angle selection, and a self-regulating error determination allows for reliable pitch angle mea-
surements. We hope that quantitative determinations of spiral arm pitch angle will aid in galaxy
classification, in the indirect study of central black hole masses and more generally in our un-
derstanding of galactic morphology and its evolution. One important advantage of this means of
describing galaxies is its relative ease of acquisition, since only imaging data is required to mea-
sure it. Also, it provides us with great opportunity to test competing theories behind galactic spiral
arm genesis (Martínez-García, 2012).
2.7.1 Comparison to Other Methods
Our method adds one dimension to recently published FFT methods (e.g., Kendall et al.,
2011). In doing so, we are able to effectively use more of the inherent information in the images.
Alternatively, 1-D methods identify radial peaks in intensity azimuthally about the galactic center
by use of radial search segments that ultimately do not utilize the full resolution of the image.
Admittedly, our method comes at a higher price in terms of computing power to analyze the full
resolution of an image, but with modern computational power, this computational expense is trivial
and is easily handled by modern processors. Ultimately, users of both 1-D and 2-D FFT methods
are still obliged to visually inspect images. As for flocculent galaxies, 1-D FFT methods are ad-
mittedly only equipped to handle grand design spirals. Our 2-D FFT, though it may occasionally
encounter trouble with high degrees of flocculence, will perform adequately with flocculent galax-
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ies and with the support of additional image analysis methods (see §2.6 and its subsections) and
multi-wavelength imaging, it can confidently approach any galaxy with hints of spirality. Addi-
tionally, our pitch angle measurements are unique in that fact that we measure and quote pitch
angles for multi-armed galaxies (dominant harmonic modes m > 2). Other researchers may have
analyzed and discussed the influences from higher order harmonic modes, but in the end always
publish pitch angles resulting from harmonic modes m≤ 2.
In order to compare the results of our method to other published methods, we have chosen
a well-studied sample of galaxies whose pitch angles have been determined independently, using
different techniques in the literature. For this sample, we have selected the results of Martínez-
García (2012), Kendall et al. (2011), Ma (2001), Grosbol & Patsis (1998), and Kennicutt (1981)
as references with which to compare our measurements (see Table 2.3). These five references
provide a nice spread in measurement methods. Kennicutt (1981) used Hα photographic plates
and subsequent by-hand geometric measurements of nearby Sa-Sc galaxies to calculate average
pitch angles determined from the two main arms in each galaxy8; Grosbol & Patsis (1998) utilized
accurate surface photometry and derivation of axisymmetric components to calculate m = 2 pitch
angles for five galaxies from the residuals of intensive image processing and Fourier components
of the azimuthal intensity variations; Ma (2001) visually selected points along spiral arms in CCD
images of galaxies and fit logarithmic spirals to the points; Kendall et al. (2011) employed 1-D
FFT decomposition to calculate m = 2 pitch angles for a sample of grand design spiral galaxies;
and Martínez-García (2012) used both a “slope method" and adopted a 2-D FFT algorithm similar
8Savchenko & Reshetnikov (2011) remeasured pitch angles for 46 of the spiral galaxies mea-
sured by Kennicutt (1981) with two distinct methods: by-hand and 1-D FFT analysis. Results of
both methods show good mutual agreement with the mean differences between measurements less
than a few degrees in both cases.
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to our own, but without our analysis of pitch angle as a function of inner radius.
Table 2.3 compares 38 of our pitch angle measurements against available measurements
from five independent sources. The mean difference between the measurements for the same
galaxies are as follows: ∆φ1 = −5.13◦±19.41◦ (the difference between our measured pitch angles
and those of Martínez-García, 2012) or∆φ1 = −0.11◦±7.38◦ if the outlying measurement of NGC
4995 is disregarded, ∆φ2 = 1.73◦±3.58◦ (the same for Kendall et al., 2011), ∆φ3 = 0.66◦±9.97◦
(the same with the average arm measurement from Ma, 2001), ∆φ4 = 2.93◦± 1.71◦ (the same
for Grosbol & Patsis, 1998), and ∆φ5 = 5.15◦± 8.66◦ (the same for Kennicutt, 1981). These
differences are comparable to the mean error in our measurements for this sample: φE = 3.34◦±
1.94◦.
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Figure 2.21 Fig. 2.21a (left) - Star-subtracted and deprojected (PA = 5◦ & α = 53.84◦) B-band
inverse image NGC 7083. Fig. 2.21b (middle) - Plot of the amplitude of pmax as a function of inner
radius for NGC 7083, indicating the m = 3 component as the dominant harmonic mode for the
galaxy. The m = 3 harmonic mode is dominant from an inner radius of 145 to 384 pixels (37.6′′ to
99.5′′), constituting about 61% of the galaxy’s radius. Fig. 2.21c (right) - A stable mean pitch
angle of −19.44◦ is determined for the m = 3 harmonic mode from a minimum inner radius of 143
pixels (37.0′′) to a maximum inner radius of 319 pixels (82.6′′), with an outer radius of 390 pixels
(101′′). This stretch of 176 pixels (45.6′′) occupies 45% of the galactic disc. Equation (2.7) yields
Eφ = 3.21◦ with λ = 176 pixels (45.6′′), β = 208 pixels (53.9′′), σ = 2.67◦, and 3 = 0.58◦. The final
determination of pitch angle is therefore −19.44◦±3.21◦.
2.7.1.1 NGC 7083
For individual measurements, several differences can be explained by our selection of a
different harmonic mode from that chosen by the other group. For example, our measurement
of NGC 7083 differs from the measurement by Grosbol & Patsis (1998); −19.44◦± 3.21◦ and
−15.0◦± 1.0◦, respectively. This can be explained by our selection of the m = 3 harmonic mode
and their selection of the m = 2 harmonic mode (see Figure 2.21). In short, we believe this is
a three-armed galaxy, not two-armed, a finding supported by the strength of our code’s m = 3
harmonic mode and by visual inspection. It is of note that we find our measurement of the m = 4
harmonic mode’s pitch angle to be −15.38◦± 2.97◦ (see Figure 2.21c), which coincides with the
measurement of Grosbol & Patsis (1998). However, our measurement of the m = 2 harmonic mode
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is not possible due to its chiral instability. Despite the nice agreement of pitch angle between our
m = 4 pitch angle and their m = 2 pitch angle, we find strong indications that the dominant harmonic
mode is m = 3 (see Figure 2.21b).
2.7.1.2 NGC 4995
NGC 4995 depicts a significant outlier from the pitch angle measurement of Martínez-
García (2012); 78.3+5.4−8.3 degrees compared to our measurement of 13.00
◦±2.88◦. Their enormously
high measured pitch angle is most sensibly unphysical, along with any measurement of φ >∼ 60◦.
2.7.1.3 NGC 1365
A big discrepancy can be seen in comparison of our measurement of NGC 1365, −34.81◦±
2.80◦, to the pitch angle absolute value measurements of Ma (2001), 13.8◦ & 17.8◦, and Kennicutt
(1981), 18◦± 3◦. We find strong indications both from our code (see Figure 2.12) and visually
(see Figure 2.22) that the pitch angle beyond the large bar is on the high side. In order to visually
compare the fit of two logarithmic spirals with different pitch angles, the scaling must be adjusted.
According to Equation (2.1), the radius of a logarithmic spiral with a higher pitch angle will grow
much more rapidly than a logarithmic spiral with a lower pitch angle. In order to allow the radius of
the φ = 16.5◦ logarithmic spiral to grow at the same rate as the three higher pitch angle logarithmic
spirals in Figure 2.22, we multiplied its resulting radius by a factor of 2.8. When optimally scaled,
our high pitch angle measurement and their low pitch angle measurements can be brought into
rough agreement. The difficulty in accurately measuring pitch angle increases as the amount of
angular wrapping around a galaxy decreases, i.e., θmax ' pi2 for NGC 1365 whereas the spirals do
not become significantly different until θ >∼ 3pi4 at the edge of Figure 2.22. Furthermore, NGC 1365
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Figure 2.22 NGC 1365 (see Figure 2.12a) overlaid with a m = 2 spiral with φ = −34.81◦ (solid
red lines) representing our best-fit pitch angle measurement (see Figure 2.12b), φ = −32.01◦ (short
dashed red lines) representing our lower limit fit, φ = −37.61◦ (long dashed red lines) represent-
ing our upper limit fit, and φ = −16.5◦ (alternating short-long dashed blue lines) representing the
average fit of Ma (2001) and Kennicutt (1981).
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is a well-documented case of variable pitch angle (Ringermacher & Mead, 2009) with high pitch
angle near the arm-bar junction and low pitch angle in the outermost regions of the galaxy. Our
code correctly identifies this high pitch angle near the arm-bar junction and provides us with our
desired innermost stable pitch angle of the galaxy (see §2.5.3.2).
2.7.1.4 NGC 3513
NGC 3513 demonstrates a case where Ma (2001) measures dramatically different pitch an-
gles between two arms (18.2◦ & 8.1◦). Our measurement of 5.84◦±1.46◦ for the m = 1 component
is in near agreement with the smaller of Ma’s two measurements. From inspection of the image of
NGC 3513, it appears to have one arm with near-constant pitch angle and another, more ambigu-
ous arm, with a clear kink in it. The forced inclusion of the non-logarithmic arm might also be
responsible for making Martínez-García’s 2-D FFT measurement of 24.2+1.7−0.7 degrees even higher
than Ma’s individual measurement of the arms.
2.7.2 Pitch Angle - SMBH Relation
Strong evidence suggests that SMBHs reside in the nuclei of most galaxies (Kormendy &
Richstone, 1995; Kormendy & Gebhardt, 2001). Additionally, it has recently been shown that a
correlation exists between the pitch angle of spiral arms and SMBH mass in disc galaxies (Seigar
et al., 2008). The relation is such that more massive SMBHs reside in galaxies with low pitch angle
spiral arms (i.e., those that are tightly wound) and the least massive SMBHs are found in galaxies
with high pitch angle spiral arms. Given that a significant fraction of galaxies in the Universe have
spiral or barred spiral morphologies (Buta, 1989), we wish to improve upon existing methods for
measuring spiral arm pitch angle in order to quantify their structure. This measure can in turn be
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used to estimate the central black hole mass.
One of the current widely used relationships to SMBH mass is stellar velocity dispersion
of the bulge/spheroid (Gebhardt et al., 2000; Ferrarese & Merritt, 2000). This technique requires
spectroscopy of the galactic nucleus. Pitch angle determination only requires optical imaging.
Compared to simple optical imaging, which is widely and readily available, spectroscopy is time
intensive. Other methods such as Reverberation Mapping (Gebhardt et al., 2000b) require long-
term campaigns to obtain multi-epoch spectra and require significant telescope time and allocation.
Even black hole estimates from single-epoch spectra (Vestergaard, 2002) require spectroscopy.
Other techniques such as bulge luminosity estimates (Kormendy, 1993; Kormendy & Richstone,
1995; Magorrian et al., 1998; Marconi & Hunt, 2003; Häring & Rix, 2004) require bulge decom-
position. One specific bulge luminosity estimate incorporates Sérsic Index (Sérsic, 1963) mea-
surements of elliptical galaxies and the bulges of disc galaxies and relates them to SMBH mass
(Graham & Driver, 2007).
2.7.3 Evolution of Pitch Angle with Redshift
No matter how a logarithmic spiral is scaled, pitch angle is unaffected. This allows pitch
angle measurements for distant galaxies to be considered equally valid as those for local galaxies.
For distant galaxies, as long as spiral arms are detectable, it is possible to measure a pitch angle.
Unlike other methods, details such as distance, extinction, etc. do not need to be known in order to
measure pitch angle. Additionally, the measurement of pitch angle is independent of cosmological
assumptions. Upon examining the GOODS (Great Observatories Origins Deep Survey; Dickinson
et al., 2003) fields, we have identified 224 spiral galaxies with spectroscopic (Barger et al., 2008)
and photometric (Wolf et al., 2004) redshift (z) data for GOODS North and South, respectively. Of
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these 224 spiral galaxies, 179 galaxies lie in the range z ≤ 1, 43 galaxies in the range 1 < z ≤ 2,
and two galaxies with redshift greater than z = 2. So far, we have measured their pitch angles using
the previous version of 2DFFT and are planning on remeasuring the sample using the new iterative
version of the code. This work demonstrates that it is not uncommon to be able to measure pitch
angle for galaxies beyond a redshift of one. Current work also includes artificially redshifting
(Barden et al., 2008) this GOODS sample of spiral galaxies in order to test the completeness of
the GOODS fields (Shields, 2012). Artificial redshifting allows us to predict at what distance
spiral arms are no longer visible and thus pitch angle is immeasurable. Results thus far show no
indications of a relationship between pitch angle and redshift (Shields et al., 2010), but this matter
will be further explored.
2.7.4 Continuing Efforts
It is encouraging to notice increasing interest in the measurement of galactic spiral arm
pitch angle in the astronomical community, as evidenced even in this past year (Kendall et al.,
2011; Martínez-García, 2012). Recent involvement from the computer science community has
also been initiated with the use of computer vision techniques to measure galactic spiral arm pitch
angle (Davis & Hayes, 2012). We feel that our modification to the previously established Fourier
methods for measuring galactic spiral arm pitch angle is a marked improvement and helps to satisfy
a growing demand for its rapid and accurate measurement. Furthermore, we are glad to make the
code publicly available to the benefit of anyone interested in furthering a much-needed exploration
of spiral galaxy structure.
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3 The Black Hole Mass Function Derived from Local Spiral Galaxies
3.1 Abstract
We present our determination of the nuclear supermassive black hole mass (SMBH) func-
tion for spiral galaxies in the local universe, established from a volume-limited sample consisting
of a statistically complete collection of the brightest spiral galaxies in the southern (δ < 0◦) hemi-
sphere. Our SMBH mass function agrees well at the high-mass end with previous values given
in the literature. At the low-mass end, inconsistencies exist in previous works that still need to
be resolved, but our work is more in line with expectations based on modeling of black hole evo-
lution. This low-mass end of the spectrum is critical to our understanding of the mass function
and evolution of black holes since the epoch of maximum quasar activity. A limiting luminosity
(redshift-independent) distance, DL = 25.4 Mpc (z = 0.00572) and a limiting absolute B-band mag-
nitude, MB = −19.12 define the sample. These limits define a sample of 140 spiral galaxies, with
128 measurable pitch angles to establish the pitch angle distribution for this sample. This pitch
angle distribution function may be useful in the study of the morphology of late-type galaxies. We
then use an established relationship between the logarithmic spiral arm pitch angle and the mass
of the central SMBH in a host galaxy in order to estimate the mass of the 128 respective SMBHs
in this volume-limited sample. This result effectively gives us the distribution of mass for SMBHs
residing in spiral galaxies over a lookback time, tL ≤ 82.1 h−167.77 Myr and contained within a co-
moving volume, VC = 3.37 × 104 h−367.77 Mpc3. We estimate that the density of SMBHs residing
in spiral galaxies in the local universe is ρ = 5.54+6.55−2.73 × 104 h367.77 M Mpc−3. Thus, our derived
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cosmological SMBH mass density for spiral galaxies is ΩBH = 4.35+5.14−2.15 × 10−7 h67.77. Assuming
that black holes grow via baryonic accretion, we predict that 0.020+0.023−0.010 h
3
67.77 h of the universal
baryonic inventory (ΩBH/ωb) is confined within nuclear SMBHs at the center of spiral galaxies.
3.2 Introduction
Strong evidence suggests that supermassive black holes (SMBHs) reside in the nuclei of
most galaxies and that correlations exist between the mass of the SMBH and certain properties
of the host galaxy (Kormendy & Richstone, 1995; Kormendy & Gebhardt, 2001). It is therefore
possible to conduct a census by studying the numerous observable galaxies in our universe in order
to estimate demographic information (i.e., mass) for the population of SMBHs in our universe.
Following the discovery of quasars (Schmidt, 1963) and the early suspicion that their power sources
were in fact SMBHs (Salpeter, 1964; Lynden-Bell, 1969), the study of quasar evolution via quasar
luminosity functions (QLFs) has resulted in notable successes in understanding the population
of SMBHs in the universe and their mass function. But, studies of the supermassive black hole
mass function (BHMF) have left us with no clear consensus, especially at the low-mass end of the
spectrum.
It is of particular interest to understand the low-mass end of the BHMF in order to under-
stand how the QLF of past epochs evolves into the BHMF of today (Shankar, 2009). It is now
widely accepted that black holes in active galactic nuclei (AGN) do not generally accrete at the
Eddington limit (Shankar, 2009). This is not a problem for the brightest and most visible AGN,
presumably powered by large black holes accreting at a considerable fraction of their Eddington
limit. Smaller black holes cannot imitate this luminosity without accreting at super-Eddington
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rates. However, one cannot know whether a relatively dim quasar contains a small black hole
accreting strongly or a larger black hole accreting at a relatively low rate (a small fraction of its
Eddington limit). It is therefore not easy to tell what the BHMF was for AGN in the past, because it
is non-trivial to count the number of lower-mass black holes (those with masses in the range of less
than a million to ten million solar masses). However, if we counted the number of local lower-mass
black holes, the requirement that the BHMF from the quasar epochs evolve into the local BHMF
could significantly constrain the BHMF in the past, as well as determine a more complete local
picture. Thus, one should pay attention to late-type (spiral) galaxies, since a significant fraction of
these lower-mass black holes are found in such galaxies (our own Milky Way being an example).
Some indicators of SMBH mass such as the central stellar velocity dispersion (Gebhardt
et al., 2000; Ferrarese & Merritt, 2000) or Sérsic index (Graham & Driver, 2007) have been used
to construct BHMFs for early-type galaxies (e.g., Graham et al., 2007). They have been used also
to study late-type galaxies, but not always with success because these quantities are defined for
the bulge component of galaxies, measuring them in disk galaxies requires decomposition into
separate components of the galactic bulge, disk, and bar. Thus, we are currently handicapped in
the study of the low-mass end of the BHMF by the relative scarcity of information on the mass
function of spiral galaxies. One approach has been to use luminosity or other functions available
for all galaxy types in a sample to produce a mass function based upon the relevant scaling relation
(Salucci et al., 1999; Aller & Richstone, 2002; Shankar et al., 2004, 2009; Tundo et al., 2007). Our
approach contrasts with this one by taking individual measurements of a quantity for each galaxy
individually in a carefully selected and complete local sample.
Recently, it has been shown that there is a strong correlation between SMBH mass and
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spiral arm pitch angle in disk galaxies (Seigar et al., 2008; Berrier et al., 2013). This correlation
presents a number of potential advantages for the purposes of developing the BHMF at lower
masses. First, there is evidence that it has lower scatter when applied to disk galaxies than any of
the other correlations that have been presented (Berrier et al., 2013). Second, the pitch angle is less
problematically measured in disk galaxies than the other features, which is likely the explanation
for the lower scatter. It does not require any decomposition of the bulge, disk, or bar components
besides a trivial exclusion of the central region of the galaxy before the analysis (described below
in §3.3.1). Finally, it can be derived from imaging data alone, which is already available in high
quality for many nearby galaxies.
It may be objected that the spiral arm structure of a disk galaxy spans tens of thousands of
light years, many orders of magnitude greater than the scale (some few light years) over which the
SMBH is the dominating influence at the center of a galaxy. However, as with other correlations
of this type, the spiral arm pitch angle does not directly measure the black hole mass, rather it is a
measure of the mass of the central region of the galaxy (the bulge in disk-dominated galaxies). The
modal density wave theory (Lin & Shu, 1964) describes the spiral arm structure as a standing wave
pattern created by density waves propagating through the disk of the galaxy. The density waves are
generated by resonances between orbits at certain radii in the disk. As with other standing wave
patterns, the wavelength, and therefore the pitch angle of the spiral arms, depends on a ratio of
the mass density in the disk to the “tension” provided by the central gravitational well, and thus to
the mass of the galaxy’s central region. In the case of spiral density waves in Saturn’s rings, the
dependence of the pitch angle on the ratio of the disk mass density to the mass of the central planet
has been conclusively shown (Shu, 1984). In galaxies, the central bulge provides (in most cases)
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the largest part of this central mass. Since it is well known that the mass of the central SMBH
correlates with the mass of the central bulge component, it is not at all surprising to find that it also
correlates with the spiral arm pitch angle (further details can be found in Berrier et al. 2013).
The pitch angle (P) of the spiral arms of a galaxy is inversely proportional to the mass of
the central bulge of a galaxy; specifically
cot |P| ∝MBulge, (3.1)
where MBulge is the bulge mass of the galaxy. This is a requirement of all current theories regarding
the origin of a spiral structure in galaxies. Since the bulge mass is directly proportional to the
velocity dispersion of the bulge via the virial theorem, i.e.,
σ2 ≈ GMBulge
R
, (3.2)
where G is the universal gravitational constant and R is the radius of the bulge; and the nuclear
SMBH mass is directly proportional to the velocity dispersion via the M–σ relation, i.e.,
M ∝ σα, (3.3)
with α = 4.8±0.5 (Ferrarese & Merritt, 2000); it therefore follows that the mass (M) of the nuclear
SMBH must be indirectly proportional to the pitch angle of its host galaxy’s spiral arms, i.e.,
M ∝ 10−(0.062±0.009)|P|, (3.4)
as shown in Equation (3.6).
Admittedly, galaxies are complex structures. However, a number of measurable features
of disk galaxies are now known to correlate with each other, even though they are measured on
very different length scales (e.g., σ, bulge luminosity, Sérsic Index, and spiral arm pitch angle).
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Each of these quantities is influenced, or even determined, by the mass of the central bulge of the
disk galaxy, and this quantity in turn seems to correlate quite well with the mass of the central
black hole. The precise details of how this nexus of what we might call “traits” of the host galaxy
correlate to the black hole mass is still subject to debate (see for instance Läsker et al. (2014),
which shows that central black hole may correlate equally well with total galaxy luminosity as
with central bulge luminosity). Nevertheless, what seems to link the various galaxy “traits” (such
as pitch angle, σ, and so on) is that they are all measures of the mass in the central regions of the
galaxy.
That this hidden feature of galaxies, the black hole mass, should be indirectly estimable
from measurements of highly visible morphological features, such as pitch angle, is a considerable
boon to astronomers. Pitch angle, as a marker for black hole mass, has a number of distinct
advantages over other possible markers. It is obtainable from imaging data alone. It is quite
unambiguous for many spiral galaxies, whereas other quantities, such as σ or Sérsic index, depend
upon the astronomer’s ability to disentangle bulge components from bar and disk components.
Finally, while σ or stellar velocity dispersion depends on the size of the slit used in spectroscopy,
with one particular size giving the desired correlation with black hole mass, pitch angle can be
considered relatively constant for any annulus-shaped portion of the disk (as long as the spiral arm
pattern is truly logarithmic, which is usually the case for all but the very outermost part of the
disk). This combination of advantages may permit pitch angle to be used on even larger samples
in the future, yielding a better understanding of the evolution of the black hole mass function and
its properties in different parts of the universe.
It is worth mentioning the point made by Kormendy et al. (2011) and Kormendy & Ho
82
(2013) that the M–σ relation may not work at all for spiral galaxies with pseudo-bulges rather than
classical bulges. This viewpoint has been controversial (e.g., Graham, 2011), but it is born out of
the observation that σ is defined with “hot” bulges rather than pseudo-bulges in mind in the first
place. It can be observed that density wave theory still expects that pitch angle should depend on
the central mass of the galaxy, regardless of whether or not the galaxy has a bulge or pseudo-bulge
(Roberts, 1975). Unfortunately, it is not always trivial to determine which spirals have pseudo-
bulges, but it is worth noting that four of the sample used in defining the M–P relation in Berrier
et al. (2013) are specifically classified by Kormendy et al. (2011) as pseudo-bulges. In addition,
Kormendy et al. (2011) feel that a Sérsic index of two can be a good indication that a galaxy has
a pseudo-bulge. Berrier et al. (2013) report Sérsic indices for the majority of the galaxies used
in their determination of the M–P relation and roughly half of them have Sérsic indices less than
two. Thus, there are some grounds for expecting that the M–P relation may work about as well for
pseudo-bulges as for galaxies with classical bulges.
In this paper, we present our determination of the BHMF for local spiral galaxies. We
conducted our analysis from a statistically complete sample of local spiral galaxies by measuring
their pitch angles using the method of Davis et al. (2012) and use the well-established M–P relation
(Berrier et al., 2013) to convert the pitch angles (P) to SMBH masses (M). The paper is outlined
as follows. §3.3 discusses the importance of spiral galaxies, our methodology for measuring pitch
angles, and presents the M–P relation as found by Berrier et al. (2013). §3.4 details our volume-
limited sample of spiral galaxies. §3.5 discusses the results of our pitch angle measurements and
their resulting distribution. §3.6 details the conversion of our pitch angle distribution to a black
hole mass distribution. §3.7 reveals our BHMF for spiral galaxies. §3.8 provides a discussion on
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the implication of our results. Finally, §3.9 contains concluding remarks and a summary of results.
Throughout this paper, we adopt a ΛCDM (Lambda-Cold Dark Matter) cosmology with the best-
fit Planck+WP+highL+BAO cosmographic parameters estimated by the Planck mission (Planck
Collaboration et al., 2013): ωb = 0.022161, ΩM = 0.3071, ΩΛ = 0.6914, and h67.77 = h/0.6777 =
H0/(67.77 km s−1 Mpc−1)≡ 1.
3.3 Methodology
Our goal of assembling a BHMF for the local universe is accomplished by using pitch
angle measurements to estimate black hole masses. Using a well-defined sample, we can construct
a representative BHMF. We have completed pitch angle measurements for a volume-limited set of
local spiral galaxies, with the aim of ultimately determining the BHMF for the local universe,
∂N
∂M
=
∂N
∂P
∂P
∂M
, (3.5)
where N is the number of galaxies and M is SMBH mass. The pitch angle measurements for the
volume-limited sample give us ∂N
∂P , while
∂P
∂M for spiral galaxies in the local universe has already
been discussed and evaluated in the literature (Seigar et al., 2008; Berrier et al., 2013).
3.3.1 How We Measure Pitch Angle
The best geometric measure for logarithmic spirals is the pitch angle, and this can be mea-
sured for any galaxy in which a spiral structure can be discerned, independently of the distance to
the galaxy (Davis et al., 2012). We measure galactic logarithmic spiral arm pitch angle by imple-
menting a modified two-dimensional (2-D) fast Fourier transform (FFT) software called 2DFFT
to decompose charge-coupled device (CCD) images of spiral galaxies into superpositions of log-
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arithmic spirals of different pitch angles and numbers of arms, or harmonic modes (m). Galaxies
with random inclinations between the plane of their disk and the plane of the sky are deprojected
to a face-on orientation. Although Ryden (2004) has argued that disk galaxies are inherently non-
circular in outline, their typical ellipticity is not large and, as has been shown by Davis et al. (2012),
a small (10◦ error in inclination angle) departure from circularity does not adversely affect the mea-
surement of the pitch angle. From a user-defined measurement annulus centered on the center of
the galaxy, pitch angles are computed for all combinations of measurement annuli, where the inner
radius is made to vary by consecutive increasing integer pixel values from zero to one less than the
selected outer radius. The pitch angle corresponding to the frequency with the maximum ampli-
tude is captured for the first six non-zero harmonic modes (i.e., for spiral arm patterns containing
up to six arms). A mean pitch angle for a galaxy is found by examining the pitch angles measured
for different inner radii, selecting a sizable radial region over which the pitch angle is stable. The
error depends mostly on the amount of variation in the pitch angle over this selected region. Full
details of our methodology for measuring galactic logarithmic spiral arm pitch angle via 2-D FFT
decomposition can be found in Davis et al. (2012).
3.3.2 The M–P Relation
The pitch angle of a spiral galaxy has been shown to correlate well with the mass of the
central SMBH residing in that galaxy (Berrier et al., 2013). Thus, using the linear best-fit M–P
relation established by Berrier et al. (2013) for local spiral galaxies,
log(M/M) = (b± δb)− (k± δk) |P| , (3.6)
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with b = 8.21, δb = 0.16, k = 0.062, and δk = 0.009, we can estimate the SMBH masses for a
sample of local spiral galaxies merely by measuring their pitch angles using the method of Davis
et al. (2012). The linear fit of Berrier et al. (2013) has a reduced χ2 = 4.68 with a scatter of 0.38
dex, which is lower than the intrinsic scatter (∆ = 0.53± 0.10 dex) of the M–σ relation for late-
type galaxies (Gültekin et al., 2009) and the rms residual (0.90 dex) for the SMBH mass–spheroid
stellar mass relation for Sérsic galaxies (Scott et al., 2013) in the logM direction. Ultimately, by
determining the product of the mass distribution and the pitch angle distribution of a sample with
a given volume, we may construct a BHMF for local late-type galaxies.
3.4 Data
In order to quote a meaningful BHMF, it is first necessary to identify an appropriate sam-
ple of host galaxies. We have elected to pursue a volume-limited sample; that is, a population of
host galaxies that are contained within a defined volume of space and are brighter than a limit-
ing luminosity. For the sake of defining a statistically complete, magnitude-limited sample, we
select southern hemisphere (δ < 0◦) galaxies with a magnitude limit, BT ≤ 12.9, based on the
Carnegie-Irvine Galaxy Survey (CGS); this results in 605 galaxies (Ho et al., 2011). Our sample is
selected from galaxies included in the CGS sample, because it is a very complete sample of nearby
galaxies for which excellent imaging is freely available (we used a small number of CGS images,
whose pitch angles were previously reported in Davis et al. 2012, other images were obtained from
the NASA/IPAC Extragalactic Database (NED)). Using this as our parent sample plus the Milky
Way gives us a total of 385 spiral galaxies; we then select only spiral galaxies within a volume-
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Figure 3.1 Left: luminosity distance vs. absolute B-band magnitude for all of the spiral galaxies
(385) found using the magnitude-limiting selection criteria (BT ≤ 12.9 and δ < 0◦). The upper
limit absolute magnitude can be modeled as an exponential and is plotted here as the solid blue
line. The dashed red rectangle is constructed to maximize the number of galaxies in the volume-
limited sample. The limiting luminosity distance and absolute B-band magnitude are set to be
25.4 Mpc and −19.12, respectively. Right: histogram showing the number of galaxies contained
in the box in the top panel as the box is allowed to slide to new positions based on the limiting
luminosity distance. Note there is a double peak in the histogram maximizing the sample each at
140 galaxies. The two possible combinations are DL = 25.4 Mpc and MB = −19.12 or DL = 27.6
Mpc and MB = −19.33. We chose to use the former (leftmost peak) because its volume-limiting
sample is complete for galaxies with dimmer intrinsic brightness. In total, the two samples differed
by only 20 non-mutual galaxies, a difference of ≈ 14%. Complete volume-limited samples were
computed for limiting luminosity distances ranging from 0.001 Mpc to 100.000 Mpc in increments
of 0.001 Mpc.
limited sample defined by a limiting luminosity (redshift-independent) distance1, DL = 25.4 Mpc
(z = 0.00572) and a limiting absolute B-band magnitude, MB = −19.12 (see Figure 3.1). This re-
sults in a volume-limited sample of 140 spiral galaxies within a region of space with a comoving
volume, VC = 3.37 × 104 h−367.77 Mpc3 and a lookback time, tL ≤ 82.1 h−167.77 Myr. The dimmest
(absolute magnitude) and most distant galaxies included in the volume-limited sample are PGC
48179 (MB = −19.12) and IC 5240 (DL = 25.4 Mpc), respectively.
1The mean redshift-independent distance averaged from all available sources listed in the NED,
http://ned.ipac.caltech.edu/forms/d.html
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In addition, we have determined the luminosity function
φ(MB) =
∂N
∂MB
, (3.7)
where N is the number of galaxies in the sample for the volume-limited sample in terms of the
absolute B-band magnitude of each galaxy and dividing by the comoving volume of the volume-
limited sample (see Figure 3.2). The overall CGS sample has a luminosity function very similar
to that found for the much larger Sloan Digital Sky Survey (SDSS) sample (Blanton et al., 2003),
indicating that it is a representative sample, in addition to being complete or very near complete.
The luminosity function for our sample (a subset of the CGS sample) is shown in Figure 3.2. Since
we imposed a magnitude limit of MB = −19.12 in order to maintain completeness, our luminosity
function does not extend below that limit. Above that limit, our function seems very similar, in
outline, to the luminosity function of Blanton et al. (2003) or the late-type galaxies from Bernardi
et al. (2013), except for an apparent dearth of spiral galaxies brighter than MB = −22 in the local
universe at distances closer than 25.4 Mpc. Additionally, our selection of the volume-limited
sample preserved the distribution of Hubble types in the CGS sample, as shown in Figure 3.3.
The only notable difference between our luminosity function and that of Blanton et al.
(2003) is found at the high-luminosity end, where our function falls off more abruptly. The most
likely explanation is that this end of the luminosity function is dominated by a small number of
very bright spiral galaxies. It is plausible that the volume in which our sample is found is simply
too small to feature a representative number of these relatively uncommon galaxies. This fact is
obviously of some relevance to our later analysis of our black hole mass function at the high-mass
end, since we would expect very bright spirals to have relatively large black holes.
We used imaging data taken from various sources as listed in Table 3.1. Absolute mag-
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Figure 3.2 Luminosity function for the 140 member, volume-limited sample of galaxies obtained
from the larger CGS sample. The function is given here (solid blue line) in terms of the probability
density function, fit to the results of Equation (3.7). The function abruptly stops on the dim end
due to our exclusion of galaxies with MB > −19.12. Superimposed for comparison is the r-band
luminosity functions of z ≈ 0.1 galaxies selected from the Sloan Digital Sky Survey (SDSS) for
all galaxy types (Blanton et al., 2003) and late types (Bernardi et al., 2013); illustrated as green
dashed and red dotted lines, respectively. These have all been shifted by B − r = 0.67 mag, the
average color of an Sbc spiral (Fukugita et al., 1995), which is roughly the median Hubble type of
both the CGS and our derivative volume-limited sample.
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nitudes were calculated from apparent magnitudes, distance moduli, extinction factors, and K-
corrections. Only B-band absolute magnitudes were used to create a volume-limited sample. For
our local sample, the K-correction can be neglected. Galactic extinction was determined from the
NED Coordinate Transformation & Galactic Extinction Calculator2, using the extinctions values
for the B-band from Schlafly & Finkbeiner (2011).
2http://ned.ipac.caltech.edu/forms/calculator.html
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Figure 3.3 Left: distribution of the Hubble type subdivisions (lowercase letters) for the 385 spiral
galaxies contained in the CGS sample. Right: distribution of the Hubble type subdivisions (low-
ercase letters) for the 140 spiral galaxies contained in the volume-limited subsection of the CGS
sample.
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Table 3.1. Volume-limited Sample
Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
ESO 027-G001 Sbc 12.78 18.3 0.723 −19.26 2 −15.67±5.30 468.0 nma 1 7.24±0.39
ESO 060-G019 SBcd 12.80 22.4 0.364 −19.31 1 −6.20±1.63 B 4 7.83±0.20
ESO 097-G013 Sb 12.03 4.2 5.277 −21.37 6 26.74±5.00 790.4 nmb 10 6.55±0.42
ESO 121-G006 Sc 10.74 20.6 0.186 −21.01 · · · · · · · · · · · · · · ·
ESO 138-G010 Sd 11.62 14.7 0.797 −20.01 2 −43.68±10.10 468.0 nma 3 5.50±0.76
ESO 209-G009 SBc 12.44 15.0 0.935 −19.37 · · · · · · · · · · · · · · ·
ESO 494-G026 SABb 12.63 11.1 1.528 −19.13 2 29.49±3.91 468.0 nma 1 6.38±0.39
IC 1953 Scd 12.71 24.6 0.110 −19.36 3 −14.21±1.98 I 8 7.33±0.24
IC 2051 SBbc 11.89 23.9 0.411 −20.41 2 −10.38±2.43 R 4 7.57±0.24
IC 2163 Sc 12.00 24.7 0.314 −20.28 4 21.10±4.54 468.0 nma 1 6.90±0.38
IC 2469 SBab 12.00 23.1 0.511 −20.33 · · · · · · · · · · · · · · ·
IC 2554 SBbc 12.64 21.2 0.743 −19.73 2 38.72±11.21 565.0 nmc 1 5.81±0.79
IC 4402 Sb 12.06 19.0 0.403 −19.74 · · · · · · · · · · · · · · ·
IC 4444 SABb 12.07 18.0 0.609 −19.82 2 −31.50±2.06 468.0 nma 3 6.26±0.35
IC 4721 SBc 12.39 23.2 0.283 −19.72 3 −6.55±0.23 468.0 nma 3 7.80±0.17
IC 4901 SABc 12.28 23.7 0.200 −19.79 5 −15.57±1.93 Hα 6 7.24±0.24
IC 5240 SBa 12.69 25.4 0.054 −19.38 2 −11.41±4.01 468.0 nma 3 7.50±0.31
IC 5325 Sbc 12.23 18.1 0.074 −19.13 4 −19.98±6.77 468.0 nma 3 6.97±0.48
Milky Way SBc · · · 0.00833d · · · −20.3e 4 22.5±2.5 21 cm 11 6.82±0.30
NGC 134 SABb 11.26 18.9 0.065 −20.19 3 28.54±6.61 468.0 nma 1 6.44±0.51
NGC 150 SBb 12.13 21.0 0.052 −19.54 2 14.29±4.26 B 2 7.32±0.33
NGC 157 SABb 11.05 19.5 0.161 −20.56 3 8.66±0.89 B 2 7.67±0.19
NGC 210 SABb 11.80 21.0 0.079 −19.89 2 −15.81±3.25 468.0 nma 1 7.23±0.29
NGC 253 SABc 8.16 3.1 0.068 −19.39 2 −20.78±7.71 R 4 6.92±0.54
NGC 255 Sbc 12.31 20.0 0.097 −19.29 2 −13.14±6.57 468.0 nma 1 7.40±0.45
NGC 275 SBc 12.72 21.9 0.203 −19.19 · · · · · · · · · · · · · · ·
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Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 289 SBbc 11.79 22.8 0.071 −20.07 5 19.71±1.95 B 2 6.99±0.27
NGC 337 SBcd 12.12 22.1 0.407 −20.01 3 −15.90±5.18 B 6 7.22±0.39
NGC 578 Sc 11.60 21.8 0.044 −20.14 3 16.51±1.88 B 2 7.19±0.25
NGC 613 Sbc 10.99 25.1 0.070 −21.08 3 21.57±1.77 B 2 6.87±0.27
NGC 685 Sc 11.75 15.2 0.083 −19.24 3 15.71±4.67 468.0 nma 1 7.24±0.36
NGC 908 SABc 10.93 17.6 0.091 −20.39 3 15.26±2.61 B 2 7.26±0.27
NGC 986 Sab 11.70 17.2 0.069 −19.54 2 46.60±6.32 468.0 nma 1 5.32±0.60
NGC 988 Sc 11.42 17.2 0.098 −19.85 · · · · · · · · · · · · · · ·
NGC 1068 Sb 9.46 13.5 0.122 −21.31 2 20.61±4.45 468.0 nma 1 6.93±0.37
NGC 1084 Sc 11.61 21.2 0.096 −20.12 2 15.74±2.15 H 12 7.23±0.25
NGC 1087 SABc 11.65 17.5 0.125 −19.69 2 39.90±4.44 R 9 5.74±0.48
NGC 1097f SBb 10.16 20.0 0.097 −21.45 2 15.80±3.62 I 2 7.23±0.31
NGC 1187 Sc 11.39 18.8 0.078 −20.06 4 −21.96±3.61 B 2 6.85±0.34
NGC 1232 SABc 10.65 18.7 0.095 −20.80 3 −25.71±5.43 B 2 6.62±0.44
NGC 1253 SABc 12.65 22.7 0.326 −19.46 2 −19.71±7.66 468.0 nma 1 6.99±0.53
NGC 1255 SABb 11.62 21.5 0.050 −20.09 3 13.09±2.57 468.0 nma 1 7.40±0.25
NGC 1300 Sbc 11.22 18.1 0.110 −20.17 2 −12.71±1.99 B 2 7.42±0.23
NGC 1317 SABa 11.92 16.9 0.076 −19.30 1 −9.12±1.41 468.0 nma 1 7.64±0.20
NGC 1325 SBbc 12.26 22.0 0.079 −19.53 4 13.84±1.05 468.0 nma 1 7.35±0.21
NGC 1350 Sab 11.22 24.7 0.044 −20.43 1 −20.57±5.38 468.0 nma 1 6.93±0.41
NGC 1353 Sb 12.41 24.4 0.118 −19.64 4 13.68±2.31 B 2 7.36±0.25
NGC 1357 Sab 12.44 24.7 0.157 −19.68 2 −16.16±3.48 468.0 nma 1 7.21±0.31
NGC 1365 Sb 10.32 17.9 0.074 −21.02 2 −34.81±2.80 B 2 6.05±0.39
NGC 1367 Sa 11.56 23.3 0.089 −20.36 2 32.90±5.92 468.0 nma 1 6.17±0.50
NGC 1385 Sc 11.52 15.0 0.073 −19.43 3 35.83±5.43 468.0 nma 1 5.99±0.49
NGC 1398 SBab 10.53 21.0 0.049 −21.13 4 19.61±3.07 V 2 6.99±0.30
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Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 1425 Sb 11.44 21.3 0.047 −20.24 6 −27.70±4.78 468.0 nma 3 6.49±0.42
NGC 1433 SBab 10.76 10.0 0.033 −19.26 6 −25.82±3.79 468.0 nma 3 6.61±0.37
NGC 1448 Sc 11.45 17.4 0.051 −19.80 2 8.19±1.50 468.0 nma 3 7.70±0.20
NGC 1511 Sa 11.86 16.5 0.223 −19.45 · · · · · · · · · · · · · · ·
NGC 1512 Sa 11.04 12.3 0.039 −19.45 2 −7.00±1.45 468.0 nma 3 7.78±0.19
NGC 1515 SABb 11.92 16.9 0.051 −19.26 1 −21.65±4.31 468.0 nma 1 6.87±0.37
NGC 1532 SBb 10.68 17.1 0.055 −20.53 · · · · · · · · · · · · · · ·
NGC 1559 SBc 11.03 15.7 0.108 −20.05 2 −26.61±9.69 B 2 6.56±0.67
NGC 1566 SABb 10.30 12.2 0.033 −20.17 2 −17.81±3.67 B 2 7.11±0.32
NGC 1617 SBa 11.26 13.4 0.027 −19.40 4 18.72±2.97 B 5 7.05±0.30
NGC 1640 Sb 12.38 19.1 0.125 −19.15 4 22.12±8.13 468.0 nma 1 6.84±0.57
NGC 1672 Sb 10.33 14.5 0.085 −20.56 2 18.22±14.07 468.0 nma 1 7.08±0.90
NGC 1703 SBb 12.06 17.4 0.121 −19.26 2 19.30±5.15 B 4 7.01±0.40
NGC 1792 Sbc 10.82 13.2 0.082 −19.86 3 −20.86±3.79 B 2 6.92±0.34
NGC 1808 Sa 10.76 11.6 0.110 −19.66 2 23.68±7.77 468.0 nma 3 6.74±0.55
NGC 1832 Sbc 12.12 25.1 0.265 −20.15 3 21.61±1.72 468.0 nma 7 6.87±0.27
NGC 1964 SABb 11.54 21.4 0.125 −20.24 2 −12.86±3.49 B 2 7.41±0.29
NGC 2280 Sc 11.03 24.5 0.369 −21.29 4 21.47±2.87 B 2 6.88±0.31
NGC 2397 SBb 12.85 22.7 0.743 −19.67 6 −33.20±4.57 468.0 nma 1 6.15±0.44
NGC 2442 Sbc 11.34 17.1 0.734 −20.56 2 14.95±4.20 V 2 7.28±0.33
NGC 2525 Sc 12.23 18.8 0.211 −19.36 2 −23.09±11.12 Hα 8 6.78±0.74
NGC 2559 SBc 11.71 19.0 0.793 −20.48 2 −25.26±14.93 B 5 6.64±0.97
NGC 2566 Sb 11.86 12.5 0.522 −19.15 2 5.90±2.28 468.0 nma 1 7.84±0.22
NGC 2835 Sc 11.04 10.8 0.365 −19.50 3 −23.97±2.22 B 2 6.72±0.30
NGC 2997 SABc 10.06 10.8 0.394 −20.50 2 −38.16±10.53 468.0 nma 1 5.84±0.75
NGC 3059 SBbc 11.72 14.8 0.884 −20.02 5 −22.77±5.20 B 5 6.80±0.41
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Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 3137 SABc 12.27 17.4 0.252 −19.18 3 7.00±1.51 468.0 nma 1 7.78±0.20
NGC 3175 Sab 12.29 17.6 0.268 −19.21 2 22.37±12.45 R 13 6.82±0.81
NGC 3511 SABc 11.53 14.3 0.247 −19.49 2 28.21±2.27 468.0 nma 1 6.46±0.33
NGC 3521 SABb 9.73 12.1 0.210 −20.89 6 21.86±8.41 B 14 6.85±0.58
NGC 3621 SBcd 10.10 6.8 0.291 −19.34 2 −12.66±1.21 468.0 nma 1 7.43±0.21
NGC 3673 Sb 12.62 24.8 0.203 −19.55 5 19.34±4.58 B 4 7.01±0.37
NGC 3717 Sb 12.22 18.9 0.238 −19.40 · · · · · · · · · · · · · · ·
NGC 3882 SBbc 12.80 20.2 1.404 −20.13 2 19.30±2.69 645.0 nmg 7 7.01±0.29
NGC 3887 Sbc 11.42 19.3 0.124 −20.13 4 −29.16±4.82 B 2 6.40±0.43
NGC 3936 SBbc 12.83 22.6 0.293 −19.24 2 17.21±3.40 468.0 nma 1 7.14±0.31
NGC 3981 Sbc 12.55 23.8 0.145 −19.48 4 19.96±14.20 468.0 nma 1 6.97±0.91
NGC 4030 Sbc 11.67 24.5 0.096 −20.37 3 23.48±5.76 B 2 6.75±0.44
NGC 4038 SBm 10.93 20.9 0.168 −20.84 2 35.55±6.50 468.0 nma 1 6.01±0.54
NGC 4039 SBm 11.19 20.9 0.168 −20.58 1 −14.38±5.37 468.0 nma 1 7.32±0.39
NGC 4094 Sc 12.51 20.8 0.205 −19.28 3 14.96±4.82 468.0 nma 1 7.28±0.36
NGC 4219 Sbc 12.69 23.7 0.477 −19.66 4 −26.50±6.96 468.0 nma 3 6.57±0.52
NGC 4487 Sc 12.21 20.0 0.077 −19.38 2 28.27±9.02 R 9 6.46±0.63
NGC 4504 SABc 12.45 21.8 0.090 −19.33 3 −28.26±4.23 468.0 nma 1 6.46±0.40
NGC 4594 Sa 9.08 10.4 0.186 −21.19 · · · · · · · · · · · · · · ·
NGC 4666 SABc 11.80 18.2 0.090 −19.59 4 25.34±4.49 468.0 nma 1 6.64±0.39
NGC 4699 SABb 10.56 24.7 0.125 −21.53 5 17.72±3.97 B 5 7.11±0.33
NGC 4731 SBc 12.12 19.8 0.117 −19.47 5 35.57±7.06 468.0 nma 1 6.00±0.57
NGC 4781 Scd 11.66 16.1 0.173 −19.55 3 28.34±6.21 468.0 nma 1 6.45±0.49
NGC 4818 SABa 12.06 20.1 0.120 −19.57 3 −25.14±5.28 468.0 nma 1 6.65±0.43
NGC 4835 Sbc 12.64 24.9 0.369 −19.71 3 23.70±3.71 468.0 nma 1 6.74±0.35
NGC 4930 Sb 12.07 24.1 0.400 −21.08 3 30.29±3.45 B 2 6.33±0.38
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Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 4941 SABa 12.05 18.2 0.132 −19.38 4 20.42±3.37 B 5 6.94±0.32
NGC 4945 SBc 9.29 4.0 0.640 −19.34 · · · · · · · · · · · · · · ·
NGC 4981 Sbc 12.33 24.7 0.153 −19.79 3 20.47±11.66 B 1 6.94±0.76
NGC 5042 SABc 12.49 15.6 0.660 −19.14 3 15.01±3.68 468.0 nma 3 7.28±0.31
NGC 5054 Sbc 11.85 19.9 0.299 −19.94 3 −25.57±3.72 B 2 6.62±0.36
NGC 5121 Sa 12.47 25.2 0.259 −19.79 2 −13.39±4.85 468.0 nma 3 7.38±0.36
NGC 5161 Sc 12.01 24.3 0.214 −20.13 6 28.01±4.04 468.0 nma 3 6.47±0.39
NGC 5236 Sc 7.91 7.0 0.239 −21.54 6 −16.04±1.74 B 2 7.22±0.24
NGC 5247 SABb 11.17 22.2 0.321 −20.88 2 −31.94±5.75 B 2 6.23±0.49
NGC 5483 Sc 11.90 24.7 0.298 −20.36 2 −22.98±4.52 B 2 6.79±0.38
NGC 5506 Sab 12.88 23.8 0.216 −19.22 · · · · · · · · · · · · · · ·
NGC 5530 SABb 11.86 14.3 0.422 −19.34 4 30.59±3.27 468.0 nma 3 6.31±0.38
NGC 5643 Sc 10.77 16.9 0.430 −20.80 4 30.77±4.29 B 6 6.30±0.42
NGC 5713 SABb 12.09 23.8 0.142 −19.93 2 −31.00±6.41 R 15 6.29±0.51
NGC 5792 Sb 12.52 24.4 0.210 −19.63 2 16.77±7.95 645.0 nma 7 7.17±0.54
NGC 6118 Sc 12.30 23.4 0.571 −20.11 2 13.63±6.09 468.0 nma 1 7.36±0.43
NGC 6215 Sc 11.99 20.5 0.599 −20.17 4 −27.43±5.85 B 2 6.51±0.47
NGC 6221 Sc 10.77 12.3 0.598 −20.28 6 −27.18±2.14 B 2 6.52±0.32
NGC 6300 SBb 11.01 15.1 0.353 −20.23 4 −16.58±1.52 B 2 7.18±0.24
NGC 6744 SABb 9.13 9.5 0.155 −20.91 5 21.28±3.80 468.0 nma 3 6.89±0.34
NGC 6814 SABb 12.30 22.8 0.664 −20.15 4 26.05±6.48 B 16 6.59±0.49
NGC 7205 Sbc 11.64 19.4 0.082 −19.88 4 −24.66±4.88 B 4 6.68±0.41
NGC 7213 Sa 11.71 22.0 0.055 −20.06 4 7.05±0.28 468.0 nma 1 7.77±0.17
NGC 7218 Sc 12.50 24.8 0.119 −19.59 4 18.53±3.57 468.0 nma 1 7.06±0.32
NGC 7314 SABb 11.68 18.5 0.078 −19.73 5 22.23±2.60 R 4 6.83±0.30
NGC 7410 SBa 11.95 20.1 0.042 −19.61 1 −5.63±2.42 R 4 7.86±0.23
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Galaxy Name Hubble Type BT DL (Mpc) AB MB m P (deg) Band Source log(M/M)
(1) (2) (3) (4) (5) (6) (7) (8) (9) (10) (11)
NGC 7418 Sc 11.84 19.9 0.058 −19.71 2 26.30±8.39 R 4 6.58±0.59
NGC 7531 SABb 11.89 22.8 0.038 −19.94 2 18.31±9.06 R 4 7.07±0.61
NGC 7552 Sab 11.19 17.2 0.051 −20.03 2 −15.08±4.21 R 4 7.28±0.33
NGC 7582 SBab 11.37 20.6 0.051 −20.25 2 −14.66±7.44 R 4 7.30±0.51
NGC 7590 Sbc 12.11 25.3 0.062 −19.97 5 −28.16±4.84 468.0 nma 3 6.46±0.42
NGC 7599 SBc 12.05 20.3 0.063 −19.55 3 −27.89±7.72 R 4 6.48±0.56
NGC 7689 SABc 12.14 25.2 0.043 −19.91 3 19.32±3.82 468.0 nma 3 7.01±0.33
NGC 7721 Sc 12.42 22.3 0.121 −19.44 2 −21.55±2.59 R 4 6.87±0.30
NGC 7727 SABa 11.60 23.3 0.123 −20.36 2 15.94±6.39 468.0 nma 1 7.22±0.45
PGC 48179 SBm 12.83 22.7 0.174 −19.12 6 37.80±5.49 468.0 nma 1 5.87±0.51
Note. — Columns: (1) Galaxy name. (2) Hubble type, from HyperLeda (Paturel et al., 2003). (3) Total B-band apparent magnitude, from
HyperLeda (Paturel et al., 2003). (4) Luminosity distance in Mpc, compiled from the mean redshift-independent distance from the NED. (5)
Galactic extinction in the B-band from Schlafly & Finkbeiner (2011), as compiled by the NED. (6) B-band absolute magnitude, determined
from the formula: MB = BT − 5 log(DL) + 5 − AB − K, with DL in units of pc and K-corrections (K) set to zero for z < 0.02. (7) Harmonic
mode. (8) Pitch angle in degrees. (9) Filter waveband/wavelength used for pitch angle calculation. (10) Telescope/literature source of imaging
used for pitch angle calculation. (11) SMBH mass in log(M/M), converted from the pitch angle via Equation (3.6). Image Sources: (1) UK
Schmidt (new optics); (2) Davis et al. (2012); (3) UK 48 inch Schmidt; (4) ESO 1 m Schmidt; (5) CTIO 0.9 m; (6) CTIO 1.5 m; (7) Palomar 48
inch Schmidt; (8) OAN Martir 2.12 m; (9) La Palma JKT 1 m; (10) HST-WFPC2; (11) Levine et al. (2006); (12) 1.8 m Perkins; (13) MSSSO
1 m; (14) CTIO 4.0 m; (15) KPNO 2.1 m CFIM; (16) INT 2.5 m.
aIIIaJ emulsion.
bF814W.
cIIaD emulsion.
dDistance estimate to the Galactic center from Gillessen et al. (2009).
eB-band absolute magnitude from van der Kruit (1986).
fIn addition to spiral arms in the disk of the galaxy, NGC 1097 displays rare m = 2 nuclear spiral arms in the bulge. These arms display an
opposite chirality to the disk arms with P = −30.60◦±2.68◦. If used, this would dictate a SMBH mass of log(M/M) = 6.31±0.36.
g103aE emulsion.
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Figure 3.4 Location of galaxies on the southern celestial hemisphere. Galaxies with measurable
pitch angles are marked with blue stars and galaxies with unmeasurable pitch angles are marked
with red diamonds.
3.5 Pitch Angle Distribution
Pitch angle measurements were attempted for all 140 spiral galaxies in the volume-limited
sample according to the method of Davis et al. (2012). However, pitch angles were successfully
measured for only 128 of those 140 galaxies (≈ 91%) due to a combination of high inclination
angles (10), disturbed morphology due to galaxy-galaxy interaction (1), and bright foreground star
contamination (1). Overall, we achieved good coverage of the southern celestial hemisphere with
our measurements (see Figure 3.4) and the unmeasurable galaxies are randomly distributed across
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the southern sky. Since galaxies must first be deprojected to a face-on orientation before their pitch
angle can be measured, it becomes increasingly difficult to measure galaxies where the plane of
the galaxy is inclined significantly with respect to the plane of the sky. For edge-on galaxies and
galaxies with extreme inclinations, it becomes impossible to recover the hidden spiral structure that
is angled away from our point-of-view. Additionally, it becomes difficult to resolve spiral arms for
low-surface brightness galaxies and galaxies which are too flocculent to ascertain definable spiral
arms, although we avoided the former problem by deliberately excluding the dimmest galaxies
from our volume-limited sample.
All measured data for individual galaxies included in the volume-limited sample are listed
in Table 3.1. Approximately 55% of the measurable galaxies in the volume-limited sample are
observed to have positive pitch angles or clockwise chirality, with the radius of the spiral arms
increasing as θ→∞ (negative pitch angle implies counterclockwise chirality, with the radius of
the spiral arms increasing as θ→ −∞). This is as expected due to the fact the sign of the pitch angle
is merely a line-of-sight effect and thus, should be evenly distributed. Concerning the harmonic
modes (see Figure 3.5), the m = 2 mode (two-armed spirals) was the most common mode (41%) and
the even modes constituted the majority (66%). The average error on pitch angle measurements is
±4.81◦.
NGC 5792 has the highest inclination angle amongst the galaxies with measurable pitch
angles from the volume-limited sample, with an inclination angle i = 80.44◦3 with respect to the
plane of the sky. It is important to note that this is an extreme case, and that pitch angle recovery
is usually not possible for galaxies with this inclination. Only galaxies with very high resolution
images, like NGC 5792, can hope to have their pitch angles determined when they are so highly
3Calculated as the arccosine of the axial ratio of the minor to major axes of the galaxy.
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Figure 3.5 Dominant harmonic modes (m) resulting from the number of spiral arms yielding the
highest stability in the resulting pitch angles measured by the 2DFFT software for the sample of
128 measurable spiral galaxies from the volume-limited sample.
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inclined. Usually, a more reasonable inclination limit is i <∼ 60◦ for galaxies with average or less
than average resolution. Using NGC 5792’s inclination angle as a predictor of measurable inclined
galaxies, the percentage of randomly inclined galaxies that would satisfy i ≤ 80.44◦ is ≈ 89%.
This is very similar to the percentage of the volume-limited sample that we were able to measure.
Of the unmeasurable 12 galaxies, 10 were too highly inclined to measure, 1 galaxy (NGC 275) was
overly disturbed due to galaxy-galaxy interaction, and 1 galaxy (NGC 988) was blocked by a very
bright foreground star. Due to the random nature of the unmeasurable galaxies, we still consider
our volume-limited sample analysis to be statistically complete.
In an effort to minimize the effect of Eddington bias (Eddington, 1913) on our data as a
result of binning, we have created a nominally “binless" pitch angle distribution from our sample
of 128 galaxies, each with their individual associated errors in measurement (see Figure 3.6). To
do this, we constructed a routine to model each data point as a normalized Gaussian, where the
pitch angle absolute value is the mean and the error bar is the standard deviation. Subsequently, the
pitch angle distribution is then the normalized sum of all the Gaussians. From the resulting pitch
angle distribution, we were able to compute the statistical standardized moments of a probability
distribution; mean (µ), variance (σ2, quoted here by means of its square root, σ, the standard devi-
ation), skewness, and kurtosis by analyzing the distribution with bin widths equal to the maximum
resolution of our pitch angle software, 0.01◦. Furthermore, the dimensions of the derived data
array were scaled by a factor of 105 to effectively smooth out the data and give the appearance of
a “binless" histogram.
In addition, we also fit a probability density function (PDF)4 to the pitch angle distribu-
tion, according to the computational results of the statistical properties of the sample (µ = 21.44◦,
4We use a MATLAB code called pearspdf.m to perform our PDF fittings.
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Figure 3.6 Pitch angle distribution (dashed green line) and a probability density function (PDF;
solid blue line) fit to the data. The pitch angle distribution is a “binless" histogram that we modeled
by allowing each data point to be a Gaussian, where the pitch angle absolute value is the mean and
the error bar is the standard deviation. The pitch angle distribution is then the normalized sum
of all the Gaussians. The resulting PDF is defined by µ = 21.44◦, median = 20.56◦, σ = 9.85◦,
skewness = 0.58, kurtosis = 3.47, and a most probable pitch angle absolute value of 18.52◦ with a
probability density value of φ = 0.042 deg−1.
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median = 20.56◦, σ = 9.85◦, skewness = 0.58, and the kurtosis = 3.47). From the skew-kurtotic-
normal fit to the data as seen in Figure 3.6, it is shown that the most probable pitch angle absolute
value for a galaxy is 18.52◦, with an associated probability density value of φ = 0.042 deg−1. It is
interesting to note that the most probable pitch angle is within 1.5◦ of the pitch angle (|P| ≈ 17.03◦)
of the Golden Spiral (see Appendix 3.11.1) and close to the pitch angle (|P| = 22.5◦±2.5◦) of the
Milky Way (see Appendix 3.11.2). The Milky Way is a better representative of the mean pitch
angle of the distribution, being only slightly greater than one degree different.
3.6 Black Hole Mass Distribution
The measured pitch angle values (Table 3.1, Column 8) were converted to SMBH mass
estimates (Table 3.1, Column 11) via Equation (3.6) with fully independent errors propagated as
follows:
δ log(M/M) =
√
(δb)2 + (kP)2[(
δk
k
)2 + (
δP
P
)2], (3.8)
where δP is the error associated with the pitch angle measurement. Following the procedure for
creating the pitch angle distribution (see §3.5), we produced a similar black hole mass distribution
of the masses listed in Column 11 of Table 3.1 and fit a PDF to the data (see Figure 3.7). The result-
ing PDF, in terms of SMBH mass, is defined by µ = 6.88 dex M, median = 6.94 dex M, σ = 0.67
dex M, skewness = −0.59, kurtosis = 3.61, and a most probable SMBH mass of log(M/M) = 7.07
with a probability density value of φ = 0.63 dex−1. Conversion to mass has effectively smoothed
out the previous pitch angle distribution (see Figure 3.6), and produced a slightly more pointed
(higher kurtosis) distribution. This smoothing is due to propagation of errors through Equation
(3.6), with its errors in slope and Y -intercept, leading to wider individual Gaussians assigned to
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Figure 3.7 Black hole mass distribution (dashed green line) and a PDF (solid blue line) fit to the
data. The black hole mass distribution is a “binless" histogram that we modeled by allowing each
data point to be a Gaussian, where the black hole mass (converted from pitch angle measurements
via Equation (3.6)) is the mean and the error bar is the standard deviation. The black hole mass
distribution is then the normalized sum of all the Gaussians. The resulting PDF is defined by
µ = 6.88 dex M, median = 6.94 dex M, σ = 0.67 dex M, skewness = −0.59, kurtosis = 3.61, and
a most probable SMBH mass of log(M/M) = 7.07 with a probability density value of φ = 0.63
dex−1.
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each measurement with subsequent summation to form the black hole mass distribution in Figure
3.7.
Nine galaxies in the sample have independently estimated SMBH masses from the literature
(see Table 3.2) and were included in the construction of the M–P relation of Berrier et al. (2013).
Rather than using these masses in our black hole mass distribution or subsequent BHMF, we chose
to consistently use masses determined from the M–P relation defined by Berrier et al. (2013). Our
estimated masses agree with the measured masses within the listed uncertainties in all cases, as
shown in Table 3.2. This is not surprising given that they are included in the Berrier et al. (2013)
sample, which is defined by the directly measured masses of these galaxies (amongst others).
It is also worth noting that half a dozen galaxies included in our volume-limited sample
harbor nuclear star clusters (NSC) with well-determined masses (Erwin & Gadotti, 2012). The
existence of a NSC in a galaxy does not rule out the coexistence of a SMBH and vice versa. For
instance, the Milky Way and M31 have been shown to both contain a NSC and a SMBH, all with
well-determined masses (Erwin & Gadotti, 2012). It has been shown that NSCs and SMBHs do not
follow the same host-galaxy correlations; SMBH mass correlates with the stellar mass of the bulge
component of galaxies, while NSC mass correlates much better with the total galaxy stellar mass
(Erwin & Gadotti, 2012). Because of this, our implied SMBH masses for these seven galaxies is
not equivalent to the known masses of their NSCs, their only known central massive objects (see
Table 3.3). By comparing the central massive objects in Table 3.3, it can be seen that the average
NSC mass is higher than the average SMBH mass for this sample; log(M/M) = 7.55±0.16 and
log(M/M) = 7.04+0.28−0.25, respectively.
Ultimately, Figure 3.7 provides us with a look at a simple 1:1 conversion from pitch angle
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Table 3.2. Black Hole Masses from Independent Literature Sources
This Work Literature
Galaxy Name log(M/M) log(M/M) Method Reference
(1) (2) (3) (4) (5)
ESO 097-G013 6.55±0.42 6.23+0.07−0.08 1 1
Milky Way 6.82±0.30 6.63±0.04 2 2
NGC 253 6.92±0.54 ≈ 6.94 1 3
NGC 1068 6.93±0.37 6.88±0.02 1 4
NGC 1300 7.42±0.23 7.80±0.29 3 5
NGC 1353 7.36±0.25 6.64±0.71 4 6
NGC 1357 7.21±0.31 7.19±0.71 4 6
NGC 3621 7.43±0.21 3.64 5 7
NGC 7582 7.30±0.51 7.75+0.17−0.18 3 8
Note. — Columns: (1) Galaxy name (in order of increasing R.A.). (2)
SMBH mass in log(M/M), converted from the pitch angle by Equation
(3.6). (3) SMBH mass in log(M/M), as listed by independent litera-
ture sources (when applicable, masses have been adjusted to conform
with our defined cosmology). (4) SMBH mass estimation method used
by independent literature source. (5) Literature source of SMBH mass.
Method: (1) H2O maser; (2) stellar orbits; (3) gas dynamics; (4) M–σ
relation; (5) Eddington limit.
References. — (1) Greenhill et al. (2003); (2) Levine et al. (2006); (3)
Rodríguez-Rico et al. (2006); (4) Lodato & Bertin (2003); (5) Atkinson
et al. (2005); (6) Ferrarese (2002); (7) Satyapal et al. (2007); (8) Wold
et al. (2006).
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Table 3.3. Galaxies with Well-determined NSC Masses
SMBHs NSCs
Galaxy Name log(M/M) log(M/M) Reference
(1) (2) (3) (4)
Milky Way 6.82±0.30 7.48+0.18−0.30 1
NGC 1325 7.35±0.21 7.12±0.30 2
NGC 1385 5.99±0.49 6.30±0.30 2
NGC 3621 7.43±0.21 ≈ 7.01 3
NGC 4030 6.75±0.44 8.05±0.30 2
NGC 7418 6.58±0.59 7.75±0.19 4
Note. — Columns: (1) Galaxy name. (2) SMBH mass in
log(M/M), converted from the pitch angle by Equation (3.6).
(3) NSC mass in log(M/M). (4) Source of NSC measurement.
References. — (1) Launhardt et al. (2002); (2) Rossa et al.
(2006); (3) Barth et al. (2009); (4) Walcher et al. (2005).
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to SMBH mass via the M–P relation. Since this only applies to the 128 measurable galaxies (out of
the total volume-limited sample of 140 galaxies), it offers the most direct look at the distribution of
SMBH masses in the Local Universe. The subsequent section will extend the results into the com-
plete BHMF via extrapolation to the full 140 member volume-limited sample and full treatment of
sampling from probability distributions.
3.7 Black Hole Mass Function for Local Spiral Galaxies
The pitch angle function φ(P) is defined as
φ(P) =
∂N
∂P
, (3.9)
where φ(P)dP is defined to be the number of galaxies that have pitch angles between P and P+dP.
That should be ∂N
∂P dP because
N =
∫ pi
0
∂n
∂P
dP (3.10)
is the total number of galaxies in the sample. Then the BHMF is
φ(M) =
∂N
∂M
=
∂N
∂P
∂P
∂M
= φ(P)
∂P
∂M
. (3.11)
Therefore, by taking the derivative of Equation (3.6) we find
1
M ln(10)
= −(k± δk) ∂P
∂M
(3.12)
or
∂P
∂M
= −
1
M ln(10)(k± δk) . (3.13)
Therefore,
φ(M) = −
φ(P)
M ln(10)(k± δk) . (3.14)
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Alternatively, we could calculate
φ(logM) =
∂N
∂logM
=
∂N
∂P
∂P
∂logM
= −
φ(P)
k± δk . (3.15)
Through the implementation of Equation (3.15) and dividing by the comoving volume of
the volume-limited sample (VC = 3.37 × 104 h−367.77 Mpc3), the pitch angle PDF in Figure 3.6 can
be transformed into a BHMF. Using the probabilities established by the PDF in Figure 3.6, we can
predict probable masses for the remaining 12 unmeasurable galaxies in the volume-limited sample,
in order to extrapolate the BHMF and related parameters for the full sample size. The evaluation
of BHMF with the summation of all SMBH masses and total densities for both the measurable
sample of 128 SMBHs and the extrapolated full volume-limited sample of 140 SMBHs are listed
in Table 3.4.
In order to determine errors on the calculated late-type BHMF, we ran a Markov Chain
Monte Carlo (MCMC) sampling5 of the late-type BHMF. The sampling consisted of 105 realiza-
tions for each of the 128 measured galaxies, with pitch angles randomly generated from the data
with a Gaussian Distribution within 5σ of each measured pitch angle value. In addition, the fit to
the M–P relation (Equation (3.6)) was also allowed to vary based on the intrinsic errors in slope and
Y -intercept, which again assumes a Gaussian distribution around the fiducial values. Ultimately,
SMBHs are determined from pitch angle values using both the fiducial and randomly adjusted fit.
Comparison between the two samples allowed us to represent the fit to the late-type BHMF with
error regions. We display the results both as a PDF and a cumulative density function (CDF) fit to
the data (see Figure 3.8). The plotted data for Figure 3.8 (top) is listed for convenience in Table
5We perform the sampling with a modified C version of the original Python implementation
(Foreman-Mackey et al., 2013) of an affine-invariant ensemble sampler (Hou et al., 2012) using an
ensemble of 1000 walkers.
109
Table 3.4. Black Hole Mass Function Evaluation
N MTotal ρ ΩBH ΩBH/ωb
(109 M) (104 h367.77 M Mpc
−3) (10−7 h67.77) (h367.77h)
(1) (2) (3) (4) (5)
128 1.75+2.05−0.85 5.17
+6.07
−2.52 4.06
+4.76
−1.98 0.018
+0.022
−0.009
140 1.87+2.21−0.92 5.54
+6.55
−2.73 4.35
+5.14
−2.15 0.020
+0.023
−0.010
Note. — Columns: (1) Number of galaxies (measurable 128
SMBHs or an extrapolation for the full volume-limited sample of 140
SMBHs). (2) Total mass from the summation of all the SMBHs in
units of 109 M. (3) Density (Column (2) divided by 3.37 × 104 h−367.77
Mpc3) of SMBHs in units of 104 h367.77 M Mpc
−3. (4) Cosmologi-
cal SMBH mass density for spiral galaxies (ΩBH = ρ/ρ0), assuming
ρ0 ≡ 3H20/8piG = 1.274 × 1011 M Mpc−3 when H0 = 67.77 km s−1
Mpc−3. (5) Fraction of the universal baryonic inventory locked up in
SMBHs residing in spiral galaxies (ΩBH/ωb).
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Figure 3.8 Left: MCMC sampling of the late-type BHMF (rough black line) with the best fit model
PDF (solid red line) surrounded by a ±1σ error region (gray shading). When integrated, the area
under the curve yields the number density for the entire volume-limited sample, 4.15 × 10−3 h367.77
Mpc−3. The plotted data for the top panel is listed for convenience in Table 3.5. Right: MCMC
sampling of the late-type BHMF with the best fit model CDF (solid red line) surrounded by a ±1σ
error region (gray shading). The CDF visually depicts the integration of the above PDF in the
top panel from M = 0 until any desired reference point. Here, Φ is used to indicate an integrated
probability, elsewhere φ is used to indicate a probability density. The upper asymptote approaches
the number density for the entire volume-limited sample, 4.15 × 10−3 h367.77 Mpc−3.
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3.5. The location of the peak and its value for the MCMC PDF are log(M/M) = 7.07+0.09−0.09 and
φ = 2.84+0.26−0.23 × 10−3 h367.77 Mpc−3 dex−1, respectively. Additionally, we provide a proportional plot
for Figure 3.8 (top), in terms of the product of the BHMF probability density and the SMBH mass
(φM), showing the contribution by the SMBH mass to the cosmic SMBH mass density (see Figure
3.9).
Since the role played by the intrinsic error in the M–P relation is of particular interest,
we also adopted the procedure described in (Marconi et al., 2004) (see Equation (3) of that paper
and the surrounding discussion) which convolves the distribution function of (in our case) pitch
angles in our sample with a Gaussian distribution representing the intrinsic scatter of the M–P
relation. Since the true intrinsic scatter of this relation is unknown, we simply used the maximum
dispersion of 0.38 dex found in (Berrier et al., 2013). In reality, the intrinsic dispersion is presum-
ably somewhat less than this, since at least some of the scatter found in that paper must be due to
measurement errors (of both pitch angle and black hole mass). The result of this calculation is a
mass function that is broader than that discussed previously because we allow for the possibility
that some galaxies are misplaced due to an intrinsic uncertainty in translating from a pitch angle
measurement to a black hole mass. The natural result is to broaden the mass function, as com-
pared to one with no intrinsic dispersion assumed. In Figure 3.10, we see that on the low-mass
side this calculation agrees very well with the outer 1σ error region from the MCMC calculation.
This is not surprising since both the convolution technique and the MCMC calculation account for
intrinsic dispersion as well as measurement error in pitch angle. It is evident that the zero intrin-
sic dispersion BHMF is very similar to the MCMC BHMF, except for the abrupt stop of the zero
intrinsic dispersion BHMF at log(M/M) = 8.21, due to the Y -intercept of the M–P relation. On
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Table 3.5. BHMF MCMC PDF Values
log(M/M) φ (10−4 h367.77 Mpc
−3 dex−1)
(1) (2)
5.00 0.65+0.52−0.36
5.25 1.38+0.87−0.67
5.50 2.74+1.34−1.14
5.75 5.01+1.88−1.72
6.00 8.46+2.39−2.33
6.25 13.19+2.76−2.82
6.50 18.92+2.83−3.01
6.75 24.67+2.47−2.83
7.00 28.23+2.18−2.58
7.25 26.53+2.62−3.02
7.50 18.90+3.06−3.21
7.75 9.49+3.22−2.91
8.00 3.19+2.34−1.77
8.25 0.69+1.07−0.58
8.50 0.09+0.32−0.09
Note. — Columns: (1) SMBH mass listed
as log(M/M) in 0.25 dex intervals. (2)
BHMF number density values from the re-
sulting PDF fit to the MCMC sampling at
the given mass in units of 10−4 h367.77 Mpc
−3
dex−1.
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Figure 3.9 Contribution by the SMBH mass to the cosmic SMBH mass density (solid red line)
surrounded by a ±1σ error region (gray shading). This plot is proportional to Figure 3.8 (top), in
that this is the product of the BHMF and the SMBH mass (φM). When integrated, the area under
the curve for this plot yields the SMBH mass density, ρ = 5.54+6.55−2.73 × 104 h367.77 M Mpc−3.
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Figure 3.10 Comparison of the BHMFs generated through MCMC sampling (solid red line with
gray shading) and through convolution of the probabilities associated with zero (dashed green line)
and 0.38 dex (dotted blue line) intrinsic dispersions.
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the high-mass side, the convolution technique actually broadens the mass function even more and
this is significant, as we will see in the next section, in view of comparisons to be made with mass
function derived from other techniques.
3.8 Discussion
Compared to the attention focused on the early-type mass function, there have been notably
less efforts to estimate the local BHMF for spiral or late-type galaxies.6 Even studies that produce
a BHMF for all types of galaxies will often use a different procedure for producing the late-type
portion of it. An example is that of Marconi et al. (2004), which uses a velocity dispersion relation
for early-type galaxies in the SDSS based on actual measurements of σ. They include a BHMF
for all galaxy types as well, from which one can deduce their late-type BHMF (see Figure 3.11).
Their data for late-type galaxies is based on a velocity dispersion function given by Sheth et al.
(2003), who appear to define late types as being spiral galaxies, as we do, including lenticulars
with the early types. They make use of the Tully–Fisher relation (Tully & Fisher, 1977) to convert
the luminosity function of late types in the SDSS into a function of the circular velocities of these
galaxies (meaning that the typical rotational velocity of each of their galactic disks) and then use
an observed and expected correlation between these circular velocities and the velocity dispersion
(σ) of their bulges to obtain a velocity dispersion relation for late types. Marconi et al. (2004)
6One must say a word, at this point, on the question of whether lenticular galaxies (Hubble
Type S0) should be included with early types or late types. Generally, in the BHMF literature they
are counted as early types. This is understandable, since it is probably more straightforward to
apply bulge-related correlations, such as M −σ to them than it is for spiral-armed galaxies. Since
they have no visible spiral arms, they are clearly unsuitable for our method. We obviously do not
include lenticulars in our mass function. We also do not include edge-on galaxies but this should
surely be randomly selected and our luminosity function does not show any sign of a systematic
loss.
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Figure 3.11 Comparison between our determination of the BHMF for late-type galaxies with our
MCMC fit in red with a gray shaded ±1σ error region, zero intrinsic dispersion (dashed green
line), and 0.38 dex intrinsic dispersion (dotted blue line); with those of Marconi et al. (2004),
depicted by black triangles (a late-type BHMF is not provided in Marconi et al. (2004), we have
merely subtracted their early-type function from their all-type function); Graham et al. (2007),
depicted by blue stars; and Vika et al. (2009), depicted by green hexagons. The BHMF of Vika
et al. (2009) is derived using a relationship between SMBH mass and the luminosity of the host
galaxy spheroid, applied to a dust-corrected sample of 312 late-type galaxies from the Millennium
Galaxy Catalogue in the redshift range 0.013 ≤ z ≤ 0.18. The peak of our BHMF is located at
log(M/M) = 7.06, whereas theirs is located at log(M/M) = 7.50. However, Vika et al. (2009)
consider BHMF data for log(M/M) < 7.67 to be unreliable because it is derived from galaxies
with MB > −18, according to their relationship. Note that our entire sample consists of galaxies
with MB ≤ −19.12.
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then invoke the M–σ relation to convert this into a BHMF. It is worth noting the number of steps
involved in this process and the fact that the final product does not incorporate any data from the
SDSS beyond the luminosity function of the galaxies involved. It is obviously encouraging that
the results of Marconi et al. (2004) agree so well with our mass function (assuming zero intrinsic
dispersion in the M–P relation) at the high-mass end (see Figure 3.11). We cannot compare at the
low-mass end, where Marconi et al. (2004) do not provide any data.
In Figure 3.11, we also compare to the work of Graham et al. (2007), which is based
on measurements of the Sérsic index of the galactic bulge. As can be seen in Figure 3.11, it is
difficult to interpret the data of Graham et al. (2007) for late-type galaxies and this may be due to
the increased difficulty in extracting Sérsic index values for this type of galaxy, where one must
disentangle multiple galactic components (disk and often bar) in order to obtain the Sérsic index
(A. Graham 2012, private communication). Our numbers agree far better with those found in
Marconi et al. (2004).
An example of more recent work with which we can compare is the late-type BHMF pre-
sented in Vika et al. (2009), which is based upon measurements of bulge luminosities in late-type
galaxies in the SDSS. Figure 3.11 also compares our BHMF with theirs. At the very high-mass
end our mass function, allowing for the intrinsic dispersion of the M–P relation, it comes quite
close to the mass function of Vika et al. (2009). At the middle and low-mass end, in contrast, their
mass function is far below what we find.
Vika et al. (2009) use the SDSS while our sample is based upon the selection in the CGS,
which is considerably more local. Our most distant galaxy has (in our cosmology) a redshift of
0.00572. Their nearest galaxy has a redshift of 0.013 and their most distant is close to z = 0.18.
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They have 312 objects in their late-type sample, we have roughly half that. However, the volume
of their sample is considerably larger than ours (≈ 41 times), so we would expect more late-types
in theirs if they were sampling the same types of galaxies as ours. Given that their sample7 is more
distant, it seems likely that they are missing the dimmer galaxies, which would tend to explain the
relative scarcity of smaller black holes in their BHMF. On the other hand, their much larger sample
volume makes it more likely that they have observed the brighter spirals that may be missing from
our sample, based on the luminosity function comparison shown in Figure 3.2.
Comparing the Vika et al. (2009) late-type mass function with ours (from Figure 3.11), we
are struck overall by the generally good agreement we find. Although there is some disagreement
between Marconi et al. (2004) and Vika et al. (2009) at the high-mass end, the comparison with
our results sheds some light on a possible reason. We agree very closely with Marconi et al. (2004)
when assuming no error in the M–P relation, and are quite close to Vika et al. (2009) when we
assume that all of the scatter in the M–P relation is due to an intrinsic dispersion in that correlation.
Since presumably at least some of that scatter is merely due to measurement error in either M or P,
it is natural to expect that the true SMBH at the high-mass end falls somewhere between the curves
given by Marconi et al. (2004) and Vika et al. (2009). It should be kept in mind that the evidence
of a deficit in very bright spirals in our volume-limited sample does lend credence to the view that
the final result may be close to the line given by Vika et al. (2009) at the very high-mass end.
However, in addition, the fact that the high-mass end of the black hole spectrum is dominated by a
relatively small number of large objects is one explanation of why a certain level of disagreement
is not altogether unexpected in this regime. In short, it looks as if Marconi et al. (2004) and Vika
7Graham et al. (2007) uses the same parent sample, the Millennium Galaxy Catalogue, but uses
only 230 late-type galaxies.
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et al. (2009) each fall at opposite limits of our error bars in this regime, which suggests that none
of the three results are in severe conflict with each other.
In the low-mass end, there is much less data with which we can compare. Vika et al. (2009)
disagree strongly with us on the low-mass end. Their data is based on a sample drawn from the
SDSS, which covers a much larger volume of space than our sample, which is based on the most
local part of the CGS. In spite of this, Vika et al. (2009) have only twice as many late-type galaxies
in their total sample as we do. It seems likely that Vika et al. (2009) miss many galaxies because
they are too dim to be easily observed at the greater range of their sample. This could explain
the fact that we see far more smaller black holes than they do. Therefore, we conclude that we
are not yet in a position to compare with any similarly complete surveys in this particular regime.
The good agreement we enjoy with other results at the high-mass end obviously gives grounds for
optimism on the low-mass end. We have made a considerable effort to provide a complete local
sample precisely because of our interest in producing reliable data on the low-mass end of the
black hole spectrum. Obviously, since we have a luminosity cutoff, we must accept that we could
be missing black holes at the low-mass end, black holes which would reside in dimmer galaxies
and thus might be expected to be relatively small.
We chose to apply our luminosity cutoff firstly for the sake of completeness, because we
cannot see many of the dimmer spiral galaxies that must lie in our cosmic neighborhood (see
Figure 3.1). Additionally, we foresee our sample being used to make comparisons with more
distant samples, for instance, to study the evolution of the SMBH. It seems likely that those distant
samples will not be able to observe these dim galaxies either. Providing a clear luminosity limit
may make such comparisons easier. Of course, ultimately we do aim to study the extent to which
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these dimmer spirals do contribute to the BHMF, but there is an important caveat. It is by no means
certain that all such galaxies actually do contain black holes. They have been studied very little
and there have been claims that at least some such galaxies do not contain central black holes, but
only nuclear star clusters (Ferrarese et al., 2006). For instance, a large majority of the galaxies
used to establish the M–P relation in (Berrier et al., 2013) had a black hole with mass greater than
6.5 million solar masses (the lowest mass SMBH in the sample use to define the M–P relation
was found in NGC 4395 with log(M/M) = 5.56+0.12−0.16), so it clear that the relation is much better
constrained at the high-mass end than the low-mass end, as with all other such relations. Caution
seems to be warranted in exploring this part of the sample and we pass over it in this paper in the
face of such uncertainty.
Ultimately, a total BHMF for all types of galaxies is desired. In Figure 3.12, we add the
MCMC PDF of our late-type BHMF to the early-type BHMFs found in Marconi et al. (2004),
Vika et al. (2009), and Graham et al. (2007). It is of particular interest to note that all three of
these quite varied sources (Marconi et al. 2004 uses σ, Vika et al. 2009 uses bulge luminosity,
and Graham et al. 2007 uses the Sérsic index to derive their BHMFs) agree near the peak of the
BHMF, although there are considerable disagreements on the high-mass end. This does suggest
that if we could become more confident of the true state of the late-type BHMF, then we would be
in a position to have a thorough understanding of the low-mass end of the all-type BHMF.
3.9 Conclusions
Through the application of our established relationship between the mass of central SMBHs
and the spiral arm pitch angle of their host galaxies (Berrier et al., 2013), we have been able to es-
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Figure 3.12 Visualization of all-type BHMF mass functions generated by the addition of the
MCMC PDF of our late-type BHMF with the early-type BHMFs of Marconi et al. (2004), Graham
et al. (2007), and Vika et al. (2009) represented by black triangles, blue stars, and green hexagons,
respectively.
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tablish a robust BHMF for SMBHs residing in spiral galaxies in the local universe. Berrier et al.
(2013) demonstrate that the M–P relation has the lowest scatter of any method currently used to
estimate the mass of SMBHs residing in spiral galaxies. Its strength resides in the relationship
being statistically tight, relative ease of implementation, and its independence from cosmographic
parameters. We have also ascertained the distribution of pitch angles in the local universe, finding
that our Milky Way has a pitch angle slightly higher than the average nearby spiral galaxy. Intrigu-
ingly, the discovery that the most probable geometry of spiral arms is close to that of the Golden
Spiral was a serendipitous result.
We have now implemented the first major use of the M–P relation in this determination.
We are encouraged that our estimate of the local mass density of SMBHs in late-type galaxies
agrees within order of magnitude with other published values.8 Our generation of a pitch angle
distribution function demonstrates that the most probable mass of a SMBH residing in a spiral
galaxy is≈ 1.16×107M. This is approximately an order of magnitude less than the most probable
mass of a SMBH residing in an early-type galaxy (Marconi et al., 2004). Furthermore, our result is
consistent with the current galactic evolutionary construct that galaxies evolve across the Hubble
Sequence (Hubble, 1926) from late-type toward early-type galaxies.
The low-mass end of the BHMF presents a number of challenges. Since high-mass black
holes are found in more luminous galaxies, they are naturally easier to study since data is easier
to acquire. As long as we are interested in local galaxies, this is not an insurmountable obstacle in
8 For instance, consider the values for local SMBH mass density given by Graham et al. (2007)
and Vika et al. (2009); (9.1±4.6) × 104 h367.77 M Mpc−3 and (8.7±1.8) × 104 h367.77 M Mpc−3,
respectively. Additionally, we are in rough agreement with the cosmological SMBH mass densities
given by Graham et al. (2007) and Vika et al. (2009); (6.8± 3.9) × 10−7 h67.77 and (6.8± 1.0) ×
10−7 h67.77, respectively. Furthermore, we are also in agreement with the universal baryonic fraction
locked up in SMBHs residing in spiral galaxies estimated by Graham et al. (2007) and Vika et al.
(2009); 0.031+0.017−0.018 h
3
67.77h and 0.031+0.004−0.005 h367.77h, respectively.
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itself. We have, for the moment, not dealt with the dimmest class of spiral galaxies, for the sake of
completeness. Nevertheless, our sample is still peaked at the region (from a million solar masses
to 50 million solar masses) that has been identified as the key region within which, if we better
understood the local SMBH function, we could learn more about the accretion rates of quasars
and AGN in the past. Specifically, it would be possible to constrain the fractions of the Eddington
accretion rate at which low-mass or high-mass black holes had accreted in the past (Shankar, 2009).
A natural assumption seen in early work on the continuity equation was that all AGN
accrete at the Eddington limit. Convenient though this would be for modern astronomers, there is
substantial evidence now that it is untrue. If we could assume that all black holes accrete at the
same constant fraction of their Eddington limit, then it would be easy to work out the evolution of
the BHMF. This is because each quasar luminosity observed would correspond to a given mass of
black hole. One could work out the mass and accretion rate of each black hole and determine at
what point in the local BHMF it would ultimately appear. However, more realistically, suppose that
there is a random distribution about a mean for each black hole, so that for instance, every black
hole accretes at a set fraction of the Eddington limit (the mean of the distribution) plus or minus
some random amount (determined by the width of the distribution). Then, it follows that some
large black holes will in fact accrete at a relatively small rate. When they do, they can be mistaken
for smaller black holes accreting at the normal rate or better for a black hole of that size. The result
is that if large black holes often radiate at too small a rate, then we will tend to overestimate the
number of small black holes and their rate of accretion. It is hard to tell the difference between
large black holes underperforming and small black holes over-performing. One way to check is to
count the number of small black holes that actually exist today.
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As discussed in the previous section, the quantity and results of studies on the BHMF in
spiral galaxies leaves much to be desired. We present ours as of particular interest because it is
a complete sample within set limits. As such it may prove easier for future studies to compare
their results to ours. Even if they have a broader sample, it should be possible for them to compare
with our sample within our known limits. Of the other BHMF’s available for comparison, it is
encouraging that we have good agreement, at the high-mass end, with those of Marconi et al.
(2004) and Vika et al. (2009). This gives us confidence that our numbers our generally reliable
and we argue that we thus have the first dependable estimate of the low-mass end of the spiral
galaxy black home mass function. Previous studies of the late-type mass function either have
acknowledged problems with spiral galaxies (Graham et al., 2007), do not cover the low-mass
end at all (Marconi et al., 2004), or do so with a sample which is likely to suffer strongly from
Malmquist bias and be very incomplete for dimmer galaxies (Vika et al., 2009). We hope that our
sample will thus be useful to those studying the evolution of the BHMF as a way of constraining the
final population of relatively low mass black holes in the universe. One important lesson already
stands out. Previous estimates of the low-mass end of the late-type mass function (Graham et al.,
2007; Vika et al., 2009) found evidence of far fewer low-mass black holes than we do. Studies
based on accretion models (e.g., Shankar et al., 2013) and semi-analytic models (e.g., Marulli
et al., 2008) have presented results which suggest that at the low-mass end of the local BHMF
does not fall away at all from the maximum height reached at the high-mass end of the function.
Thus there is no peak in the BHMF according to these models, but rather a relatively flat (or even
rising) distribution from about 108 solar masses downward in mass. Our results are clearly far
closer to these models than the earlier observational results were. Therefore, there are grounds
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to be optimistic that ultimately local measurements of the BHMF will be brought into line with
efforts to model its evolution from what is known of quasars in the past.
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3.11 Appendix
3.11.1 The Golden Spiral
The pitch angle for the Golden Spiral (Pϕ) is determined by starting with the definition of
a logarithmic spiral in polar coordinates
r = r0ebθ, (3.16)
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where r is the radius, θ is the central angle, r0 is the initial radius when θ = 0◦, and b is a growth
factor such that
b = tan(P). (3.17)
The golden ratio (ϕ) of two quantities applies when the ratio of the sum of the quantities to the
larger quantity (A) is equal to the ratio of the larger quantity to the smaller one (B), that is
A+B
A
=
A
B
≡ ϕ. (3.18)
Solving algebraically, the golden ratio can be found via the only positive root of the quadratic
equation with
ϕ =
1+
√
5
2
= 1.6180339887... (3.19)
The Golden Spiral is a unique logarithmic spiral, defined such that its radius grows every quarter
turn in either direction (±pi/2) by a factor of ϕ. A simple solution of the pitch angle of the Golden
Spiral can be yielded first by application of Equation (3.16)
ϕ = eb(±pi/2), (3.20)
rearranging and taking the natural logarithm
|b| = lnϕ±pi/2 = 0.3063489625..., (3.21)
and finally application of Equation (3.17) yields
|Pϕ| = arctan |b| ≈ 17.03239113◦... (3.22)
Within the errors associated with the M–P relation (Equation (3.6)), the associated mass
of a SMBH residing in a spiral galaxy with pitch angle equal to that of the Golden Spiral and the
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most probable pitch angle from the PDF in Figure 3.6 are equivalent with log(M/M) = 7.15±0.22
and log(M/M) = 7.06± 0.23, respectively. Perhaps the most famous spiral galaxy, M51a or the
“Whirlpool" galaxy, also exhibits spiral arms close to the Golden Spiral with a pitch angle of
P = 16.26◦±2.36◦ (Davis et al., 2012) and an implied SMBH mass of log(M/M) = 7.20±0.26.
The Golden Spiral plays a significant role in both the history and lore of mathematics and
art. It is closely approximated by the Fibonacci Spiral, which is not a true logarithmic spiral.
Rather, it consists of a series of quarter-circle arcs whose radii are the consecutively increasing
numbers of the Fibonacci Sequence. Both the Golden Ratio and Fibonacci Sequence are mani-
fested in the geometry and growth rates of many structures in nature; both physical and biological.
It is not surprising, therefore, that spiral galaxies should also have morphologies clustering about
this aesthetically appealing case. Another situation similar in superficial appearance occurs in cy-
clogenesis in planetary atmospheres (e.g., hurricanes). This rate of radial growth is most familiar
in the anatomical geometry of organisms. Well-known examples of roughly Golden Spirals are
found in the horns of some animals (e.g., rams) and belonging to the shells of mollusks such as the
nautilus, snail, and a rare squid which retains its shell, Spirula spirula. Of course, spiral density
waves are not required to have pitch angles close to the Golden Spiral. Their pitch angle depends
on the ration of mass density in the disk (where the waves propagate) to the central mass. In the
case of Saturn’s rings, where this ration is far smaller than it is in disk galaxies, pitch angles are
measured in tenths of degrees. The fact that spiral arms in galaxies happen to cluster about the
aesthetically appealing example of the Golden Spiral may help explain the enduring fascination
that images of spiral galaxies have had on the public for decades.
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3.11.2 The Milky Way
Our own Milky Way has m = 4 and |P| = 22.5◦±2.5◦, as measured from neutral hydrogen
observations (Levine et al., 2006). This implies a SMBH mass of log(M/M) = 6.82±0.30 from
the M–P relation, compared to a direct measurement mass estimate from stellar orbits around Sgr
A* (Gillessen et al., 2009) of log(M/M) = 6.63± 0.04. Although our Milky Way does not have
a pitch angle close to the most probable pitch angle from our distribution, it is very similar to the
mean pitch angle from Figure 3.6 (µ = 21.44◦), with an associated SMBH mass of log(M/M) =
6.88±0.25. However, the mean of the black hole mass distribution from Figure 3.7 is even closer
with log(M/M) = 6.72. Our Milky Way is somewhat atypical in that it has four spiral arms, which
is only the third most probable harmonic mode for a galaxy (see Figure 3.5).
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4 A Fundamental Plane of Spiral Structure in Disk Galaxies
4.1 Abstract
Spiral structure is the most distinctive feature of disk galaxies and yet debate persists about
which theory of spiral structure is correct. Many versions of the density wave theory demand that
the pitch angle be uniquely determined by the distribution of mass in the bulge and disk of the
galaxy. We present evidence that the tangent of the pitch angle of logarithmic spiral arms in disk
galaxies correlates strongly with the density of neutral atomic hydrogen in the disk and with the
central stellar bulge mass of the galaxy. These three quantities, when plotted against each other,
form a planar relationship that we argue should be fundamental to our understanding of spiral
structure in disk galaxies. We further argue that any successful theory of spiral structure must be
able to explain this relationship.
4.2 Introduction
Spiral structure is a commonplace and visually striking feature of many galaxies and yet
there is still disagreement as to the correct theory that explains its origin after decades of debate.
The first well known theory (Lin & Shu, 1964) is that density waves propagating through the disk
of the galaxy are the responsible agent. The density wave theory for spiral modes, described in
detail by Bertin & Lin (1996), calls for a long-lived, quasi-steady global spiral pattern. Others call
for more transient spiral patterns, whether from swing-amplified noise (Goldreich & Lynden-Bell,
1965; Julian & Toomre, 1966), recurrent cycles of groove modes (Sellwood, 2000), or superposed
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transient instabilities (Sellwood & Carlberg, 2014). Other theories have also been proposed, with
one in particular, the manifold theory (Athanassoula et al., 2009b,a, 2010), rejecting the density
wave concept altogether in favor of an explanation involving stars in chaotic highly eccentric orbits.
The density wave theory, as originally articulated by Lin & Shu (1966), had a very specific
prediction for the pitch angle of the spiral pattern produced by the waves. They calculated the pitch
angle to be a ratio of the density of material in the galaxy’s disk to a certain quantity made up of
the frequencies of orbital motions in the disks,
tan |P| = 2pimG(σo +Fσ∗)
(κ2 − (ω −mΩ)2)
, (4.1)
where P is the logarithmic spiral arm pitch angle and m is the number of spiral arms in the pattern,
G is the gravitational constant, Ω is the angular frequency of orbits of particles in the disk, κ is the
epicyclic frequency of the same particles, and ω is the frequency associated with the perturbation
that excites the density waves. Note that as long as this perturbation is some form of self-excitation
arising from within the disk itself, it follows that all of the terms in the denominator should depend
on the mass of the central bulge of the galaxy. The simplest case of a dominant bulge (approximated
as a point mass) would imply, for instance, Ω∝√M and κ∝√M, with M being the central mass.
The numerator depends on the density of gas in the disk, σo, and the stellar disk density, σ∗, with a
factor F , called the reduction factor, which underweights the stellar density (compared to the gas
density), since it is primarily within the gas that the density wave propagates. In this Letter we will
present some evidence that F << 1.
Focusing on the masses and densities involved in this relation, we find that
tan |P| ∝ σo +Fσ∗
Mo
, (4.2)
where Mo is the mass of the galactic bulge, or else the total mass interior to the radius in question.
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This formula is known to work very well in the case of spiral density waves in Saturn’s rings
(Shu, 1984). Bulge-dominated galaxies are not too distant from the Saturnian situation of a small
dense core with negligible mass in the disk, though disk-dominated galaxies are obviously far more
complex. Generally speaking, the density wave theory predicts that the pitch angle of the spiral
arms in galaxies does depend on the radial distribution of matter in the galaxy, and experimental
studies concur (Seigar et al., 2006, 2014). Results of this type broadly agree with Lin & Shu (1966)
that a thin (dense) disk and massive (small) central bulge should result in a tight (loose) spiral. This
is not surprising, since we would expect a standing wave pattern (such as in a vibrating string) to
depend on the ratio of a restoring force or tension (in this case the central mass, or at least the
mass inside a given radius R) to the density of the medium (in this case the density of gas in the
disk at radius R). Although the precise nature of the relation between these three quantities can
be expected to vary between galaxies of different types (bulge-dominated versus disk-dominated,
for instance), nevertheless we show in this Letter that the three quantities, spiral arm pitch angle,
central bulge mass, and gas density in the disk, do strongly correlate to form a fundamental plane
that may play a similar role in tying together gross features of disk galaxies to that played by the
fundamental plane of elliptical galaxies (Djorgovski & Davis, 1987; Dressler et al., 1987).
We take as our sample disk galaxies from the DiskMass Survey (DMS; Bershady et al.,
2010), which is ideal for our purposes since it deals with the disk densities of a sample of face-
on galaxies and includes measurements of the central bulge mass. Using the technique of Davis
et al. (2012), we measure the pitch angle for these galaxies and find that our sample of 24 galaxies,
when plotted in a volume defined by these three quantities, delineates a plane with very low scatter.
There is only a 0.0047% chance that this plane could have been formed by statistical accident.
136
The plane satisfies a number of requirements, which one would expect of a useful funda-
mental plane. The plane is steeply inclined across the volume formed by the three related quanti-
ties. In other words, it is not merely a relation between two of the three quantities, with the third
essentially irrelevant. The galaxies are distributed quite widely and fairly uniformly across the
plane. There is no particular evidence of a favored curvilinear relation on the face of the plane.
Finally, and most importantly, the plane is oriented as one would expect on the basis of the density
wave theory. A large bulge mass and a rarified disk produces the tightest spirals. A small bulge and
a dense disk produce the loosest spirals. We submit that any successful theory of galactic spiral
structure must be able to explain this result.
One final point is worthy of note. The DMS measured not only the density of atomic
hydrogen in the disk of each galaxy (the quantity used in our relation), but also the density of
molecular hydrogen and the dynamical disk mass density (the total density in the disk). Our results
suggest that it is the gas density, not the total density in the disk that matters for spiral density
waves. This suggests an apparent decoupling between the stars and gas. The fact that the density
of atomic hydrogen fits noticeably better than that for molecular hydrogen may simply be due to the
fact that it is a much more reliable measurement, since molecular hydrogen is estimated indirectly
from observations of other molecules, not hydrogen itself (Westfall et al., 2011; Martinsson et al.,
2013a).
4.3 Data and Analysis
The DMS PPak Sample (Martinsson et al., 2013b) consists of 30 nearly face-on galaxies
whose disk densities have previously been closely studied. However, four of these galaxies do not
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have central stellar bulge masses available and three provide them only as upper limits, so they are
excluded from our sample. In addition to the 23 remaining DMS galaxies, we also include our own
Galaxy, the Milky Way, in our sample of galaxies.
In addition to the method described in Davis et al. (2012), which utilizes a two-dimensional
fast Fourier transform software called 2DFFT, we also measured pitch angles for all of the sample
galaxies using new software called Spirality. Spirality (Shields et al. 2015, in preparation) is
a novel method for measuring spiral arm pitch angle by fitting galaxy images to spiral coordinate
systems (templates) of known pitch. For a given pitch angle template, the mean pixel value is found
along each of typically 1000 spiral axes. The fitting function, which shows a local maximum at the
best-fit pitch angle, is the variance of these means. In other words, we choose the pitch angle that
exhibits the greatest contrast between the mean luminosity along the spiral axes. The presumption
is that where the pitch angle of the spiral axes is equal to the pitch angle of the galaxy’s spiral arms
there will be some axes that fall precisely along the true spiral arms (and thus are much brighter in
the mean) and some that never coincide with the true spiral arms (and thus are, on average, dim).
Where the pitch of the axes is not equal to the pitch of the spiral arms, each axis will cross the true
spiral arms a roughly equal number of times, making the mean brightness along each axis roughly
equal. Error bars are found by varying the inner radius of the measurement annulus and finding
the standard deviation of the best-fit pitch angles.
The two techniques yield measurements that agree within the error bars in almost all cases.
As a final and important test, we visually inspected each galaxy, comparing them to overlays of
synthetic spirals on transparency paper, in order to confirm the measured pitch angle. Our overlay
transparencies showed spirals of different sizes and different pitch angles in steps of 5◦ from 5◦ to
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85◦. We were therefore able to visually confirm the pitch angle to within 5◦. We were satisfied
in all cases that the measured pitch angle of 2DFFT was reliable and strongly supported by the
combination of Spirality and visual inspection. For the sake of consistency, we chose to use only
the results of 2DFFT in this Letter. The pitch angles, P, given in Table 4.1 are the results of the
2DFFT routine.
The images used were obtained from the NASA/IPAC Extragalactic Database,1 and/or from
the pODI (partial One Degree Imager) camera on the WIYN 3.5 m telescope. The WIYN images
were all acquired as 120 s exposures, calibrated using QuickReduce1.0 from the ODI Pipeline,
Portal, and Archive,2 and processed using a five-point dither pattern for each galaxy and subse-
quently stacking the images using SWarp (Bertin et al., 2002). Additionally, KPNO 2.1 m imaging
for UGC 463, 1529, 1908, 4036, and 11318 were measured to confirm previous pitch angle mea-
surements. Unless otherwise specified (Milky Way data have been determined in very different
ways than other galaxies), all data for stellar galactic bulge masses (Mbulge? ) and maximum neutral
atomic hydrogen (HI) gas mass surface densities (ΣmaxHI ) come from Martinsson (2011) and Mar-
tinsson et al. (2013a); see Table 4.1. For the determination of the stellar bulge masses, the K-band
light profile was decomposed into a central Sérsic component (convolved with a seeing disk) and
a number of exponential disks (Martinsson et al., 2013b). The bulge masses were determined us-
ing the integral of the light from the central Sérsic component and the mass-to-light ratio (M/L)
derived from the disk using vertical velocity dispersions (Martinsson et al., 2013a). Gas densities
were determined from 21 cm line measurements (Martinsson, 2011).
1http://ned.ipac.caltech.edu/
2http://portal.odi.iu.edu
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Table 4.1. Sample
Galaxy Name Type Band Image Source m tan |P| log(Mbulge? /M) ΣmaxHI /(Mpc−2) Excluded
(1) (2) (3) (4) (5) (6) (7) (8) (9)
Milky Way SBc 21 cm 1 4 0.414±0.051a 9.95±0.03b 4.98±0.53c,d
UGC 448 SABc r 2 4 0.327±0.033 9.76+0.23−0.51 4.58±0.46
UGC 463 SABc B 3 3 0.412±0.066 9.35+0.21−0.41 6.18±0.66
UGC 1081 SBc r 2 2 0.452±0.064 8.81+0.16−0.24 6.25±0.62
UGC 1087 Sc r 2 2 0.188±0.039 8.64+0.16−0.25 4.42±0.46
UGC 1529 Sc 645.0 nme 4 3 0.490±0.096 8.98+0.20−0.39 6.59±0.66
UGC 1635 Sbc r 2 3 0.209±0.014 8.74+0.17−0.29 2.60±0.32
UGC 1862 SABcd1 r 2 2 0.444±0.074 · · · 9.14±0.91 !
UGC 1908 SBc2 645.0 nme 4 3 0.376±0.069 9.68+0.23−0.54 4.62±0.46
UGC 3091 SABd i 2 2 0.555±0.092 · · · 5.59±0.56 !
UGC 3140 Sc r 2 3 0.290±0.090 9.65+0.15−0.24 4.87±0.54
UGC 3701 Scd r 2 2 0.276±0.090 8.69+0.18−0.31 5.55±0.57
UGC 3997 Im g 5 2 0.185±0.048 8.53+0.17−0.27 5.01±0.54
UGC 4036 SABbc 645.0 nme 4 2 0.268±0.021 8.92+0.15−0.23 5.20±0.56
UGC 4107 Sc g 5 2 0.371±0.041 8.65+0.18−0.31 5.42±0.54
UGC 4256 SABc g 5 2 0.555±0.099 9.29+0.36−9.29 9.75±0.98 !
UGC 4368 Scd g 5 2 0.439±0.043 9.21+0.21−0.41 5.95±0.66
UGC 4380 Scd g 5 3 0.430±0.095 8.86+0.13−0.20 4.08±0.41
UGC 4458 Sa g 5 1 0.243±0.056 10.67+0.20−0.39 3.28±0.53
UGC 4555 SABbc g 5 2 0.213±0.017 8.96+0.20−0.39 4.58±0.47
UGC 4622 Scd g 5 4 0.401±0.099 9.89+0.21−0.41 3.50±0.38
UGC 6903 SBcd g 5 2 0.283±0.041 8.03+0.25−0.62 4.94±0.59
UGC 6918 SABb3 F606W 6 3 0.306±0.044 8.04+0.70−8.04 7.04±0.72 !
UGC 7244 SBcd g 5 2 0.627±0.105 · · · 5.53±0.60 !
UGC 7917 SBbc g 5 3 0.278±0.025 10.01+00.34−10.01 2.70±0.28 !
UGC 8196 Sb g 5 5 0.144±0.009 10.73+0.16−0.26 2.74±0.28
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Table 4.1 (cont’d)
Galaxy Name Type Band Image Source m tan |P| log(Mbulge? /M) ΣmaxHI /(Mpc−2) Excluded
(1) (2) (3) (4) (5) (6) (7) (8) (9)
UGC 9177 Scd g 5 2 0.256±0.035 9.55+0.24−0.58 3.92±0.42
UGC 9837 SABc g 5 6 0.482±0.061 8.35+0.17−0.29 7.95±0.80
UGC 9965 Sc g 5 3 0.237±0.037 · · · 5.63±0.58 !
UGC 11318 SBbc 645.0 nme 4 3 0.569±0.101 9.69+0.23−0.50 6.51±0.67
UGC 12391 SABc r 2 4 0.235±0.091 8.98+0.17−0.28 4.90±0.49
Note. — Columns: (1) Galaxy name. (2) Hubble morphological type from either the UGC (Nilson, 1973) or RC3 (de Vaucouleurs
et al., 1991) catalogs. Notes on morphologies: 1 = peculiar, 2 = starburst, and 3 = AGN. (3) Filter waveband/wavelength used for pitch
angle calculation. (4) Telescope/literature source of imaging used for pitch angle calculation. (5) Harmonic mode (number of spiral arms).
(6) Tangent of the pitch angle of the galactic logarithmic spiral arms. (7) Base 10 logarithm of the stellar bulge mass of the galaxy, in solar
masses. (8) Maximum surface density in the galactic HI gas, in solar masses per square pc. (9) Indication of galaxies that are excluded in
fittings due to missing measurements or measurements that are merely upper limits. Image Sources: (1) Levine et al. (2006); (2) WIYN
3.5 m pODI; (3) JKT 1.0 m; (4) Palomar 48 inch Schmidt; (5) SDSS; (6) HST.
aLevine et al. (2006).
bMcMillan (2011).
cNo error estimates were provided by its reference so we have assigned the mean error of the included sample, ±0.53 Mpc−2.
dCalculated using Equation (2) from Ferrière (2001).
eIIIaJ emulsion.
4.4 Results
We find a best linear fit for Equation (4.2) from the included data sample of 24 galaxies of
tan |P| = (0.375±0.092) Σ
max
HI /(Mpc
−2)
log
(
Mbulge? /M
) + (0.127±0.049). (4.3)
The root mean squared error (Erms) is equal to 0.0909 (a residual scatter of 31.2% per galaxy on
average), with R2 = 0.344, and a p-value equal to 2.59 × 10−3 for Equation (4.3). A plot of this
linear fit, along with the included data sample, is given in Figure 4.1.
The formula describing the fundamental plane for spiral galaxies from the sample is as
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Figure 4.1 Two-dimensional plot of the linear fit defined by the multivariate normally distributed
sampling fit of Equation (4.3) depicted by the solid black line, along with the plotted points of the
24 galaxy member data set. The Milky Way is depicted distinctly in green. The axes [x,y] depict
[tan |P|, (ΣmaxHI /(Mpc−2)) / log(Mbulge? /M)], respectively.
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Figure 4.2 Three-dimensional plot of the plane defined by the fit of Equation (4.4) with the mul-
tivariate normally distributed sampling depicted by a translucent blue meshed surface, along with
the plotted points of the 24 galaxy member included data set (depicted by red spheres with the
Milky Way in green). Note that the points will appear slightly darker when they are projected be-
hind and partially obscured by the plane. The axes [x,y,z] depict [tan |P|, log(Mbulge? /M), ΣmaxHI ],
respectively. Left: the view has been oriented parallel to the plane. Middle: the view has been ori-
ented at an orientation sufficient to view the face of the plane. Right: the view has been projected
along an orthogonal vector above the plane.
follows:
ΣmaxHI
Mpc−2
= (5.70±1.40) tan |P|− (0.677±0.199) log
(
Mbulge? /M
)
+ (9.29±1.96). (4.4)
Erms = 0.770 Mpc−2 (a residual scatter of 16.7% per galaxy on average3), with R2 = 0.613, and
a p-value = 4.71 × 10−5 for Equation (4.4). It is interesting to note that the addition of the extra
dimension cuts the residual scatter approximately in half. A three-dimensional plot of this plane,
along with the included data sample, is given in Figure 4.24.
The errors presented in Equations (4.3) and (4.4) have been determined by sampling indi-
vidual data points from multivariate normal distributions using the following algorithm.
1. For each measurement, draw a new measurement based on multivariate normal distributions
with the mean and variance of each variable for all 24 galaxies.
3Compare this to the fundamental plane for elliptical galaxies, which has a residual scatter of
∼ 20% per galaxy on average (Kormendy & Djorgovski, 1989).
4A 3D animated gif of this figure can be accessed at http://dafix.uark.edu/~ben/
movie.gif.
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2. Fit linear (or planar) best-fit coefficients to the 24 points.
3. Repeat steps 1 and 2 106 times, saving the fitted coefficients after each step.
4. Use the distribution of the coefficients based on these 106 fits to define the best-fitting (me-
dian) coefficients and their error (the 1σ confidence interval of the distribution).
The orientation of the fundamental plane illustrated in Figure 4.2 is exactly as one would
expect on the basis of the spiral density wave theory. According to Equation (4.2), the pitch angle
is minimized (tightest winding) when the HI mass surface density is low and the central mass is
high. Alternatively, the pitch angle is maximized (loosest winding) when the HI mass surface
density is high and the central mass is low. This behavior is illustrated in both figures. Note in the
middle panel of Figure 4.2 how the plane slopes from the lower left front (low pitch angle, low
HI mass surface density, and high central mass) corner of the cube to the upper right back (high
pitch angle, high HI mass surface density, and low central mass) corner of the cube. Furthermore,
this indicates that the shape of the plane is strongly correlated to all three variables (the individual
variable p-values of the intercept, tan |P|, and log(Mbulge? /M) are 9.97 × 10−5, 8.03 × 10−5, and
9.41 × 10−4, respectively for Equation (4.4)).
4.5 Discussion
If one favors the standing wave picture of spiral structure, our result is not unexpected. In
analogy with standing waves on a string, we would expect the wavelength of the resulting pattern
to be strongly determined by the tension or restoring force (in this case the central gravitating mass)
and the density of the medium (in this case the gas in the disk). It is worth noting that our case is
probably analogous to a string with non-uniform density, since the gas density generally falls off
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with increasing radius in a galactic disk5. Additionally, it seems reasonable that the gravitational
restoring force increases with increasing radius, since there will be more mass inside the given
radius. Both effects would tend to cause the pitch angle to tighten with increasing radius, and this
effect is often seen in spiral galaxies (see, e.g., Davis et al., 2012).
It has been often proposed in the past that different mechanisms may explain spiral struc-
ture in different galaxies; for instance, the mechanism that produces grand design spirals may
differ from the one that produces flocculent spirals (e.g., D’Onghia et al., 2013). Furthermore, it
has been demonstrated that galaxies that appear to have grand design structure in infrared light can
appear flocculent in blue images, suggesting that stellar and gaseous disks are decoupled (Grosbol
& Patsis, 1998). It is striking that the sample used in this study contains quite a few flocculent
or multi-armed patterns, which are not grand design. The existence of a very low scatter planar
correlation for all of these galaxies is thus very significant and implies that different galactic mor-
phologies all adhere to the same imposed mechanism of density wave theory. It is true that four of
the galaxies have a noticeably greater scatter than the others, and further study with larger samples
might yet support the existence of two kinds of spiral structure. It is worth noting that two of these
four galaxies represent the extremes of gas density for the sample, one having clearly the highest
gas density in its disk, another clearly the lowest.
In recent years, there has been some discussion that spiral arms may be quite transient,
persisting for only one or two revolutions of the disk galaxy (Toomre & Kalnajs, 1991). In recent
years, there have been attempts to show theoretically that more long-lasting spiral patterns are
possible (Sellwood & Carlberg, 1984; D’Onghia et al., 2013). This Letter suggests that even if
5This is true for the total gas density; however, the atomic gas density generally has a peak
value at some radius and decreases toward the center due to conversion of the atomic to molecular
gas.
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spiral patterns are transient, some resonant mechanism compels the pattern, when it reforms, to
resume something close to its previous pitch angle.
The relation discovered here might be useful as a tool in the study of disk galaxies. One of
the three quantities, disk density, is relatively difficult to measure. The relation found here could
be used to measure it indirectly from the other two quantities (pitch angle and central bulge mass),
which would be easier to measure. In addition, the existence of the three-way correlation may
enable more careful studies of the important relation between pitch angle and central mass, which
is itself a very useful marker for quantities such as the central black hole mass (Seigar et al., 2008;
Berrier et al., 2013).
It has long been known that pitch angle does depend on the distribution of mass (e.g.,
Seigar et al., 2006, 2014) and on the size of the central bulge (for instance, the observed correlation
between pitch angle and sigma reported in Seigar et al. (2008) and Berrier et al. (2013), as well
as the qualitative relation of pitch angle to bulge size featured in the Hubble classification). In
addition, it has been reported that pitch angle varies with the total mass of gas in galactic disks
(Roberts, 1975). This Letter demonstrates the fundamental way in which we can understand how
the spiral structure depends on the distribution of mass in disk galaxies. Furthermore, it illustrates
how the qualitative Hubble morphological types can exhibit varying pitch angles for galaxies that
have similarly sized bulges and are thus categorized as the same type. These galaxies likely have
different gas densities in their disks. Although the density wave theory provided the inspiration for
this study, other theories may also be able to explain this result. Certainly, any successful theory
of spiral structure must be able to do so.
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4.6 Appendix
We provide here supplementary materials to the letter. These include imaging6 for all
galaxies analyzed in this letter (except for the Milky Way). The left column represents images
overlaid with logarithmic spirals (different arms are assigned different colors, but all have identical
pitch angles and have m-fold symmetries) defined by pitch angles equal to the best fit of 2DFFT
(see Table 4.1) with pixel dimensions given along the axes. Images in the right column represent
images overlaid with the contour regions of the inverse (of the initial direct) two-dimensional fast
Fourier transform for the best-fit output by 2DFFT (equivalent to the pitch angle depicted in the
adjacent image on the left).
6Images for UGC 463, 1529, 1908, 4036, and 11318 are B-band images from the KPNO 2.1 m
telescope.
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Figure 4.3 Left column: images overlaid with logarithmic spirals (different arms are assigned
different colors, but all have identical pitch angles and have m-fold symmetries) defined by pitch
angles equal to the best fit of 2DFFT (see Table 4.1) with pixel dimensions given along the axes.
Right column: images overlaid with the contour regions of the inverse (of the initial direct) two-
dimensional fast Fourier transform for the best-fit output by 2DFFT (equivalent to the pitch angle
depicted in the adjacent image on the left).
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5 Conclusions
This dissertation has focused on the the importance of accurately measuring the logarith-
mic spiral arm pitch angle of disk galaxies and has detailed the reasons why this global galactic
parameter is critical to the overall understanding of galactic structure and its connection to galac-
tic properties. Chapter 2 demonstrated the success of our two-dimensional fast Fourier transform
software, 2DFFT. Our scripting of the software allowed for the pitch angle to be measured as a
function of the inner radius of the measurement annulus. This removed previous measurement
biases from the user-selected inner radius, especially in the case of strongly-barred galaxies. Test-
ing of the software revealed the code to be very robust at measuring pitch angle. Minor errors in
the deprojection or centering of the galaxy images has shown to have no significant affect on the
accuracy of the final measured pitch angle. The success of improving the 2DFFT code allowed
Berrier et al. (2013) to improve and extend the pitch angle - SMBH mass relation of Seigar et al.
(2008) by doubling the sample size with improved accuracy. The improved 2DFFT code has also
been used successfully in the work of Seigar et al. (2014). This work demonstrates that pitch angle
can be used as in indicator of the amount of shear in a galactic rotation curve and thus the mass
(baryonic and dark matter) concentration of a galaxy. Future work in the development and testing
of software (Spirality) with a template fitting method for computing galactic logarithmic spiral
arm pitch angle (Shields et al. in preparation), is serving to confirm the accuracy of 2DFFT by
independently confirming the results of 2DFFT.
Chapter 3 presents the results of the synergistic combination of the 2DFFT code and the
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M–P relation established by Berrier et al. (2013). Our sample of 140 volume-limited spiral galaxies
allowed us to explore a complete population of local spiral galaxies. We generated a pitch angle
distribution for the sample and were able to conclude that the most common spiral galaxy in the
local Universe has a pitch angle of approximately 18.52◦ (slightly tighter winding than our own
Milky Way). This led to the genesis of our BHMF with a peak number density of 2.84× 10−3 h367.77
Mpc−3 dex−1 at log(M/M) = 7.07. This is equivalent to saying that approximately one SMBH
with log(M/M) = 7.07±0.50 occurs on average in every 352 h367.77 Mpc3 volume of space in the
local Universe. Most importantly, we were able to probe the low-mass end of the BHMF, where
little information was known because the vast majority of BHMFs produced in the literature are
constructed from massive early-type galaxies. Future work on analyzing the ignored dim sample of
spiral galaxies that was excluded from analysis in Davis et al. (2014) will help to shed light on the
shape of the very low-mass end of the BHMF. Additionally, work on the creation of an extended
M–P relation including distant AGN and quasars will help efforts of extending the BHMF to higher
redshifts and exploring the evolution of spiral galaxies.
Chapter 4 shows an exciting discovery we have made about the nature of spiral structure in
disk galaxies. It has been nearly half a century since Lin & Shu (1966) predicted a relationship be-
tween a galaxy’s pitch angle, mass density in its disk, and the mass of its bulge (see Equations (4.1)
and (4.2)). We are excited to finally provide observational evidence for the density wave theory as
described described by Lin & Shu (1966). Specifically, we find that pitch angle is determined by
the maximum density of neutral hydrogen gas in the disk and the stellar bulge mass of a galaxy.
This also indicates that the propagation of a density wave through the galactic disk is essentially
independent of the density of stars in the disk. This work allows us to explain the shape of galactic
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spirals in the same manner that we explain the frequency of vibrating strings. Both the tightness
of spirals and the frequency of oscillating strings are governed by the restoring force (gravitational
potential in a galaxy / tension in a string) and the density of the medium (gas density in the disk of
a galaxy / density per unit length of a string). Our discovery of a fundamental plane between these
three parameters of a galaxy also allows us to speculate that perhaps inaccuracies in the M–P rela-
tion might be explained as being different two-dimensional projections of the fundamental plane.
Work to extend the fundamental plane sample is planned and will be contingent upon access to
and the analysis of 21 cm imaging of spiral galaxies in order to determine neutral atomic hydrogen
densities.
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